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ABSTRACT 
Inonotus tomentosus {Fr.) Teng causes tomentosus root 
disease in spruce trees throughout the boreal and sub-boreal 
forests of central and northern British Columbia. Site and 
soil characteristics are related to the incidence and spread 
of this fungus in the Sub-Boreal Spruce, wet-cool subzone 
{wkl) located near Prince George, British Columbia. 
Two-hundred and ninety-six plots, 25.2 meters in 
diameter, were examined to determine the incidence of I. 
tomentosus, and several ecosystem variables were measured. 
These included site series, soil moisture regime, soil 
nutrient regime, mesoslope position, soil texture, soil 
coarseness, humus form, spruce density, tree species 
composition and soil pH. The incidence of I. tomentosus 
infection ranged from none to 31% of spruce trees per plot. 
Significant differences {p<0.05) in percent infection were 
found between site series, soil moisture regimes, edatopic 
grid cell and mesoslope positions. Non-significant trends 
were observed between infection incidence, and soil nutrient 
regimes and humus form. The soil pH did not influence the 
incidence of infection. However, when the pH of soil samples 
adjacent to uninfected and infected roots were compared, it 
was determined that I. tomentosus may effect adjacent soil 
pH, possibly changing it to a more optimal growth level. 
The interactions between ecosystem variables are 
discussed as they relate to the incidence and spread of 
tomentosus root disease. The most important variables 
influencing the distribution of I. tomentosus are suggested 
to be: 1) the availability of oxygen in the soils as 
regulated by the moisture regime and mesoslope position; 2) 
the rooting depth of spruce trees, which is related to the 
soil nutrient regime and humus form; 3) the number of root 
contacts that occur between susceptible roots. Evidence is 
also presented that indicates .r. tomentosus is a disturbance 
agent which may be capable of altering the site series of an 
area. 
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SITE AND SOIL CHARACTERISTICS RELATED TO THE INCIDENCE AND 
SPREAD OF INONOTUS TOMENTOSUS 
INTRODUCTION 
Tomentosus root disease, caused by Inonotus tomentosus 
(Fr. ) Teng, is common throughout boreal and sub-boreal 
forests, particularly in stands with a large spruce component 
(Mer l er et al., 1988; van Groenewoud, 1955; Whitney, 1962; 
Whitney, 1980). By causing tree mortality, this root rot 
fungus has an important role as a natural disturbance agent. 
However, it also affects forest management by reducing the 
volume of timber available for harvest, and by infecting 
second-growth trees established on root disease sites. The 
incidence of this root disease varies greatly between stands, 
and reasons for this variation are not known. 
The disease is difficult to identify and diagnose for 
severity because above ground symptoms do not reliably 
indicate infected trees (Lewis et al., 1992; Merler et al., 
1988). Inonotus tomentosus can be active for several years 
before any above ground symptoms are evident (Myren and 
Patton, 1970). These include reduced height growth, 
chlorosis, and decrease in needle longevity (Merler, 1984; 
Whitney, 1962). Fruiting bodies are also not reliable 
indicators of disease because their production is weather-
dependent (Kendrick, 1992). Deep red/brown staining and the 
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characteristic pitted decay caused by I. tomentosus in root 
wood are the only dependable diagnostic signs (Lewis et al., 
1992; Merler et al., 1988). Therefore, attempts to quantify 
disease incidence are labor intensive since root sampling is 
required. 
Previous work and field observations have indicated that 
there may be a relationship between ecosystem characteristics 
and tomentosus root disease incidence (Merler, 1984; van 
Groenewoud and Whitney, 1969; Whitney, 1976; Whitney 1977). 
If such relationships can be described, they would be 
extremely valuable tools for use during silvicultural 
planning and growth and yield analyses, as well as enabling a 
better understanding of disease epidemiology and ecology. 
Understanding the relationship between site and soil 
factors, and disease incidence and spread, is critical for 
silvicultural systems planning. For several root diseases 
such as Armillaria ostoyae (Romagn.) Herink and Phellinus 
weirii (Murr.) Gilbn., partial cutting of infected stands 
leads to greater incidence and severity of root disease 
(Morrison et al. 1991). Although the effect of partial 
cutting on disease spread is unknown for tomentosus root 
disease, what is known of its epidemiology suggests that 
partial cutting could lead to greater root disease problems 
in managed stands. Identifying stands with potentially high 
incidence of tomentosus root disease would be useful to 
determine the need for extensive surveys and assist in the 
stratification of the survey area. 
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For even-aged silviculture systems that rely on 
artificial regeneration, areas with high levels of root 
disease must be identified for treatment. Information about 
the factors that enable establishment and spread of the 
pathogen is necessary to determine the impact tomentosus root 
disease will have in specific stands. Therefore, the 
relationship between site and soil factors, and the 
subsequent spread of the disease would also be very useful 1n 
growth and yield analyses. 
This study examines the specific ecosystem 
characteristics where I. tomentosus is most prevalent, 
including investigation of the soil and vegetative parameters 
that contribute to fungal survival and spread of the disease. 
Chapter I reviews previous literature pertaining to the 
current study. Chapter II evaluates the ability of I. 
tomentosus to alter soil pH in the rhizosphere. The study 
discussed in Chapter II was completed before soil pH was 
related to I. tomentosus infection (Chapter III) since 
suggestions have been made in previous literature that some 
root disease fungi are able to ~lter the pH of nearby soils 
(Harley, 1971; Whitney, 1962). 
Chapter III relates the incidence of I. tomentosus 
infecting hybrid white spruce, Picea glauca x engelmannii 
Engelm., to several site and soil characteristics. Ecosystem 
variables studied include site series, soil moisture reg1me, 
soil nutrient regime, spruce density, percent spruce trees in 
plot , soil coarseness, soil texture, soil pH, slope position 
3 
and humus form. Possible explanations for the various 
relationships are presented. 
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Chapter I. LITERATURE REVIEW 
HOST AND GEOGRAPHIC RANGE 
Inonotus tomentosus (Fr.) Teng is a basidiomycete that 
is the chief agent of root decay in both white and black 
spruce in Canada (Whitney et al . , 1974). Many countries have 
reported the occurrence of I. tomentosus including China 
(Teng, 1932), - Austria (Lloyd, 1920) , USSR (Bondartsev, 1953), 
Germany, and Sweden (Murrill, 1904) . Most studies related to 
I. tomentosus have been performed in North America, where the 
fungus is distributed throughout Canadian forests and 
northwestern forests in the United States (Basham and 
Morowski, 1964; Patton and Myren, 1970; Whitney, 1980). 
In Canada, I . tomentosus is found throughout the boreal 
and sub-boreal forests where spruce trees dominate the forest 
canopy. It is the dominant root pathogen of mature and 
immature interior spruce in British Columbia and can severely 
infect spruce stands as young as 30 years old (Merler et al., 
1988). Other root diseases common to British Columbia are not 
prevalent in these boreal forests (Morrison et al . , 1991). 
The northern limit of Phellinus weirii (Murr.) Gilbn. in B.C. 
is a few kilometers north of Williams Lake and Armillaria 
ostoyae (Romagn.) Herink is not found further north than 
Williams Lake, McBride and Bella Coola (Morrison et al . , 
1991). 
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Inonotus tomentosus has a broad potential host range of 
many species in the Pinaceae and Cupressaceae families as 
seen in Table 1 . However, it is most commonly found on Picea 
spp. and secondly on Pinus spp. (Whitney, 1977 and 1980) 
although artificial inoculation tests demonstrate that pine 
trees are the most susceptible. (Whitney, 1980). This may be 
at least partly due to the difference in rooting habit 
between spruce and pine trees. Typical pine tree roots 
penetrate the soil much deeper than the roots of spruce trees 
(Farrar, 1995). The shallower horizontal rooting system of 
spruce trees allows for increased root contact between trees 
and therefore greater vegetative spread of I. tomentosus 
mycelium. In addition, the closer proximity of the spruce 
roots to the epigeous fruiting structures of I . tomentosus 
may enhance the likelihood of spores contacting roots, 
increasing the incidence and spread rate of the disease. 
It does not appear that age or tree diameter are 
important factors in susceptibility (Merler, 1984) . I 
tomentosus infects trees indiscriminate of age; therefore, no 
significant difference between age class and disease 
incidence has been reported (Etheridge, 1956; Merler, 1984; 
Whitney, 1962; Whitney, 1976; Whitney, 1977) . However, since 
the roots of older trees usually cover more horizontal area 
than the roots of younger trees, there is a greater 
probability that an old or large tree will become infected 
before a young or small tree (Lewis, submitted). 
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Table 1. Naturally occurring tree hosts for Inonotus 
tomentosus in Canada . (From Whitney, 1977; 1980) 
HOST 
Abies amabilis (Dougl.) Forb. 
A. balsamea (L.) Mill. 
A. lasiocarpa (Hook.) Nutt. 
Larix laricina (Du Roi) K.Koch 
L. occidentalis Nutt. 
Picea abies karat 
P. engelmannii Parry 
P . glauca (Moench) Voss 
P. glauca var. Albertian 
(S. Brown) Sarg 
P. glauca x engelmanni Engelm 
P. mariana (Mill.) B.S.P. 
P. rubens Sarg 
P. sitchensis (Bong.) Carr. 
Pinus banksiana Lamb. 
P. contorta Dougl. 
P. contorta Dougl. 
var. latifolia Engelm. 
P. monticola Dougl. 
P . ponderosa Laws . 
P. resinosa Ait . 
P. strobus L. 
P. sylvestris L. 
Pseudotsuga menzeisii (Mirb . ) 
Franco 
Thuja plicata Donn. 
Tsuga canadensis (L.) Carr. 
Tsuga heterophylla (Raf.) Sarg . 
COMMON NAME 
amabalis fir 
balsam fir 
subalpine fir 
tamarack 
western larch 
Norway spruce 
engelmann spruce 
white spruce 
Albertan white spruce 
Hybrid white spruce 
black spruce 
red spruce 
sitka spruce 
jack pine 
shore pine 
lodgepole pine 
western white pine 
ponderosa pine 
red pine 
eastern white pine 
Scots pine 
Douglas-fir 
western red cedar 
eastern hemlock 
western hemlock 
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DESCRIPTION OF INONOTUS TOMENTOSUS 
In culture, Inonotus tomentosus is a slow growing 
fungus, averaging less than 2 mm growth per day on malt 
extract agar (Whitney, 1977). The culture is a brown or 
whitish-brown mat that is cottony in appearance . The hyphae 
do not have clamp connections and thin-walled hyphal 
swellings are visible (Nobles, 1948). 
Roots stained by tomentosus root disease range in color 
from a very light cinnamon brown (7.5YR 8/6) to reddish brown 
(2.5YR 6/6) which is often bordered by a reddish purple stain 
(Whitney, 1962). As the decay develops, large, white pits 
occur, frequently coalescing with other pits (Whitney, 1962). 
Whitney (1962) describes four major stages of tomentosus root 
decay. The early stage has some staining and decay of branch 
lateral roots and 1-10% of the roots will be dead while the 
early middle stage has some staining and decay in the main 
lateral roots and 11-40% of the roots are dead. The late 
middle stage has pitting as laterally as the root crown and 
41-80% of the roots are dead. The late stage has pitting 
extending up the bole with 81-100% dead roots. 
Sporocarps are annual, epigeous, and will develop on 
living or dead roots . The sporocarps are usually circular, 
sometimes lobed, have a yellowish-brown, tomentose upper 
surface, and are pale on the pore surface, darkening with age 
(Gilbertson and Ryvarden, 1986). Fruiting by this fungus is 
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especially abundant in years characterized by high soil 
moisture (Gilbertson and Ryvarden, 1986). 
Currently, it is believed that root contacts between 
infected and non-infected trees are the most common means for 
the spread of I. tomentosus (Lewis and Hansen 1991b; Whitney, 
1980). Infection occurs if there is sufficient root contact 
with an inoculum source that has ectotrophic or intrabark 
mycelium present. However, tomentosus mycelium is only 
present at the surface of the root if the root is dead or 
quite small in size. In large, living roots, the mycelium lS 
confined to the center of the root, limiting the ability of 
the fungus to spread through root contact (Lewis et al., 
1992). 
Whitney (1963) demonstrated that I. tomentosus 
basidiospores were capable of successfully infecting wounded 
white spruce roots. All of the inoculations involved high 
concentrations of basidiospores and artificial wounds in the 
roots and none of the root inoculations were surface-
sterilized before inoculation. Application of these results 
to a natural setting is difficult . However, indirect evidence 
does suggest that basidiospores play an important role in the 
spread of this fungus. The absence of any obvious woody 
inoculum at their long-term study site convinced Myren and 
Patton (1970) that the appearance of several new root rot 
pockets were the result of basidiospore infections. In an 
extensive vegetative compatibility study performed by Lewis 
and Hansen (1991a), isolates from different, but closely 
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adjacent disease centers were usually found to be 
vegetatively incompatible and had different protein profiles. 
This suggested that the fungus in each disease center was a 
unique genotype and therefore may be the result of infections 
by basidiospores, and not just vegetative spread by mycelium. 
Although the primary means of spread for most root 
diseases is mycelial growth across root contacts, there are 
other common root disease fungi where basidiospores are known 
to p l ay a role. Worrall (1994) used vegetative compatibility 
tests to show that basidiospore colonization is the most 
likel y explanation for the distribution and size of the 
Armillaria sp. genets found in their study area. Studies have 
also shown that infection by Heterobasidion annosum (Fr.) 
Bref . can occur from basidiospores. Rishbeth (1951) suggested 
airborne spores of H. annosum are responsible for new 
infections in stumps after a harvest. Morrison and Redfern 
(1994) artificially inoculated stumps with H. annosum 
basidiospores and isolated the same genotype fungus in 
adjacent, previously healthy trees. Another study used 
somatic incompatibility tests to determine that H. annosum 
basidiospores were important for post-harvest infection by 
this root rot fungus (Stenlid, 1986). 
Root contact and basidiospores are thus the two proposed 
means of infection by I. tomentosus. After penetration of the 
root , the mycelium grows both proximally and distally, 
eventually reaching the butt of the tree (Whitney, 1977). I. 
tomentosus will infect all tissues within the root; however, 
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in living roots, the heartwood is usually the most severely 
attacked (Whitney, 1962). Once a root dies, I. tomentosus 
radially colonizes sapwood and bark whereas longitudinal 
growth is minimal (Lewis et al., 1992). I. tomentosus can be 
found up to 5m from the stump in the roots of harvested trees 
and is often located in the bark or at the root surface. It 
can remain viable in roots for at least 30 years (Lewis and 
Hansen, 199lb ) . 
Whitney (1967) inoculated different sized roots with I. 
tomentosus and measured the length of the resultant infection 
two years after inoculation. He found the growth rate of this 
fungus to be strongly related to the diameter of the root. 
The larger the root, the faster I. tomentosus was able to 
spread through it. Whitney proposed that a resistance factor 
may be present in young roots and lost as the roots grow 
older. No direct evidence of a resistance factor was 
presented. The larger proportion of heartwood in older roots 
was not considered an important variable for the increased 
growth rate since the majority of the artificially inoculated 
roots were infected primarily in the sapwood. 
SIGNIFICANCE TO BRITISH COLUMBIA 
Several studies show tomentosus root disease incidence 
ranging from 2.1% to 41% of spruce trees in a stand (Aho, 
1971 ; F.I.D.S., 1986; Lewis and Hansen, 199lb; Merler et al., 
1988 ; Whitney, 1980). All of the studies analyzing the 
11 
incidence of I. tomentosus reported large variations of 
incidence between stands. This variation ranges from 100% of 
the trees in a stand being infected to no infection, 
depending on the location and dominant tree species of the 
area studied . 
I. tomentosus causes four major types of damage as 
described by Whitney, (1980). These are mortality, windfall 
of living trees, butt cull and growth reduction. Dead trees 
and windfall result in volume losses since the roots are 
decayed and the trees fall over during a windstorm. On 
average, up to 1.1% of the gross merchantable volume of a 
white spruce stand is lost annually to dead trees or 
windthrow attributed to root disease (Merler, 1984; Whitney, 
1976). Butt cull results in substantial losses; up to 13% of 
trees in spruce stands have I . tomentosus stain or decay at 
breast height and the valuable butt log must be bucked off 
after harvesting (Merler, 1984). Lewis (submitted) measured 
actual volume losses to butt cull in severely infected trees 
(>75% roots infected) on two sites. Average losses were 14% 
and 32% of merchantable volume. Growth reduction causes 
decreased volume since the roots are dying and growth 
(diameter and height) is minimized. The basal area increment 
reduction caused by Inonotus tomentosus is approximately 20% 
(Lewis, submitted; Merler, 1984) in the last 5 to 15 years of 
the growth of a tree prior to mortality. These studies 
demonstrate that tomentosus root disease is a very important 
12 
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pathogen in spruce dominated sub-boreal forests and has the 
potential of causing serious economic impacts. 
In addition to the economic impacts, the reduction of 
the crowns of infected trees, the removal of trees by 
windthrow, or the formation of a gap by tomentosus root 
disease can alter the structural and species diversity of a 
forest. Phellinus weirii, a similar pathogen to I. 
tomentosus, causes plant species composition changes within 
the i nfection center compared to adjacent, healthy sites 
(Holah et al., 1993). Herbaceous plant cover is h{gher within 
infection centers, resembling an ecosystem at an earlier 
seral stage than areas directly adjacent to the root disease 
center. A similar change in species composition may occur 
withi n infection centers caused by I. tomentosus, although 
tomentosus infection centers tend to be much smaller than 
openi ngs caused by P. weirii. As with many other pathogens, 
I. tomentosus can be considered an agent responsible for 
increasing biodiversity in British Columbian forests (van der 
• 
Kamp, 1991) . 
ECOLOGICAL RELATIONSHIPS 
ECOSYSTEM CLASSIFICATION 
When analyzing the relationship between disease 
distr ibution in British Columbia and ecosystem factors, it is 
necessary to understand the basis for ecosystem 
classification in British Columbia . The biogeoclimatic 
ecosystem classification, as summarized by Meidinger and 
Pojar (1991), was developed for use in British Columbia by 
V.J. Krajina and many of his students between 1950 and 1975 
(Pojar et al., 1987). This ecosystem classification is unique 
and was developed from ecological forestry principles 
proposed and developed in Russia and Southern Europe (Pojar 
et al., 1987) . 
Biogeoclimatic units are organized in a hierarchy based 
upon zonal (climatic) classification, site (geologic) 
classification and vegetation classification (Meidinger and 
Pojar, 1991). A biogeoclimatic zone, the largest unit of 
measure, is a large geographic area with a relatively 
homogenous macroclimate, such as the sub-boreal spruce (SBS) 
zone. A biogeoclimatic subzone is determined by the regional 
climate and the distinct climax plant association on the 
zonal site. An example of a subzone would be the wet and cool 
(wk) subzone. A biogeoclimatic variant distinguishes 
different regional climates (drier, wetter, colder, snowier, 
warmer) within the same subzone. The variant is denoted by a 
number after the subzone (wkl). A site series divides the 
subzone or variant into edaphically more uniform units. These 
units are derived using soil characteristics and plant 
associations and are given a two-digit numerical code; the 
average or zonal site being given the code 01 . Site series 
may also be divided into site types using specific textural 
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or other edaphic characteristics; however, in most forest 
management strategies, this unit is not necessary. Therefore, 
a complete code for a zonal area in a wet and cool sub-boreal 
spruce zone would be written as SBSWkl/01. 
The edatopic grid is an important tool developed by 
British Columbia ecologists to help demonstrate relationships 
between plant associations (Pojar et al., 1987). It 
incorporates soil moisture regimes along the Y-axis, with 
values ranging from very dry (0) to very wet (8). Each 
subzone within a zone has a range of moisture levels within 
it, relative to other subzones. The moisture regimes are 
different for each subzone and are designated in the subzone 
name. A soil moisture regime is defined as the average amount 
of soil water available annually, for evapotranspiration by 
vascular plants (Pojar et al., 1987). These moisture regimes 
are determined using rooting-zone groundwater absence or 
presence during the growing season, length of time soil is 
deficient or has excess water, and plant utilization 
occurring (Meidinger and Pojar, 1991). 
There are five soil nutrient regimes located along the 
X-axis of the grid, ranging from very poor (A) to very rich 
(E) . Soil nutrient regimes are defined by the amount of 
essential soil nutrients available to vascular plants over a 
period of several years (Pojar et al., 1987). The classes of 
soil nutrients are determined by analyzing site properties 
such as humus form, A horizon, soil depth, organic matter 
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content, soil texture, coarse fragment content, parent 
material and seepage or flooding (Meidinger and Pojar, 1991). 
Both of these regimes comprising the edatopic grid are 
important for the classification of an area into specific 
site series . Keys to the classification of soil nutrient 
regimes and soil moisture regimes within a designated subzone 
have been published by the British Columbia Ministry of 
Forests. These analytical keys are widely used by 
silvi culturists and researchers in B.C. for determining the 
site series of an ecosystem. 
SITE FACTOR ECOLOGY AND DISEASE RELATIONSHIPS 
Site quality is defined as the sum of all factors 
affecting the biotic community of an ecosystem (Daniel et 
al., 1979) and these measures of site quality are useful in 
explaining potential distributions of pathogens (Kayahara et 
al . , 1994) . Estimates of site quality in British Columbia 
have for years been made using a few basic soil properties 
and i ndicator plants. These estimates form the basis of the 
B.C. biogeoclimatic ecosystem classification. (Kayahara et 
al., 1994; Luttmerding et al . , 1990; Meidinger and Pojar, 
1991 ) . 
Merler (1984), used plant species and soil classes to 
determine the 'ecological unit' of a site. These units were 
used to develop some silvicultural interpretations concerning 
I. tomentosus, although, the study was not designed to 
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determine site/disease relationships. Oulette et al. (1971) 
observed that I. tomentosus is important because o f its 
occurrence in both the best and the poorest sites, although 
the relative incidence at each site is not discussed. They 
also suggest that the poorer sites are more heavily invaded 
by I. tomentosus because the trees could not form new lateral 
roots at the same efficiency as trees on a good site. No 
evidence to support this hypothesis is presented though . 
In a previous study by Thomas and Thomas (1954 ) , looking 
at all root decays of Douglas-fir trees, poorer sites had 
less infection by root rotting fungi. However, when the 
percentage of total volume of decay is compared, the poorer 
site loses more percentage of harvestable wood, which concurs 
with Oulette et al. (1971). Whitney (1976) also found that 
the better sites had higher incidence of root rot, especially 
sites dominated by black spruce younger than 60 years old. 
The incidence of I. tomentosus is most severe in high 
density, pure spruce stands. Mixed stands, where other tree 
species comprise a significant component, have a decreased 
incidence of infection (van Groenewoud and Whitney, 1969) . 
The lower infection levels in mixed stands are probably due 
to the decreased frequency of spruce-spruce root contacts. 
Specific combinations of ecosystems, soil types, and stand 
history produce denser stands and may contribute to a higher 
incidence of tomentosus root disease. 
Environmental conditions change with increasing 
elevation and so does the distribution of pathogenic and 
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saprophytic fungi (Carey et al., 1984; Hobbs and Partridge, 
1979). In one study, the ·incidence of I. tomentosus was 
greatest above 1500m elevation. It was suggested that 
temperature and moisture regimes below 1500m inhibited the 
normal functions of I. tomentosus such as sporulation and 
virulence (Hobbs and Partridge, 1979). 
Similar to elevation, vegetative patterns are also 
important in influencing pest dynamics through the 
homogeneity/heterogeneity of the food sources and through 
habitat provided for natural enemies of the pest (Perry, 
1988 ) . For example, I . tomentosus would likely disperse 
through a stand at a faster rate if the roots of susceptible 
trees were found uniformly throughout the site. Unique 
root i ng characteristics, as determined by specific site and 
soil characteristics, may affect the distribution of I. 
tomentosus. 
SOIL FACTOR ECOLOGY AND DISEASE RELATIONSHIPS 
(I) SOIL pH 
I. tomentosus grows optimally in culture at a pH of 4.5, 
although it has been reported to grow in vitro at pH values 
ranging from 3.5 to 7.0 (Whitney, 1962). Excess absorption of 
cations over anions by fungi, or vice versa, may result in a 
change of the local environment pH (Harley , 1971). Tests 
performed by Whitney (1962) on infected bark and wood of 
living white spruce roots suggest that I. tomentosus is 
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capable of changing the acidity of the tissues to a more 
optimal pH for growth. In vitro tests demonstrate that I. 
tomentosus also alters the pH of artificial media (Whitney, 
1962). No tests were performed on the change of acidity in 
the surrounding soils. 
In a similar root disease fungi, Heterobasidion annosum, 
reports have suggested that soil pH influences the epiphytic 
growth of mycelium (Gibbs, 1967). The growth of I. 
tomentosus, however, does not appear to be hindered by pH 
level s, as long as the pH is within the growing range of 3.5 
to 7 . 0 (Whitney, 1966). Tests in Whitney's study showed that 
the pH of the bark from infected roots varied from 4.0 to 
over 7.0 without slowing the growth of the mycelium of I. 
tomentosus. A similar result has been found for the pH 
requi rements of Armillaria ostoyae (Blodgett and Worrall, 
1992 ) . 
{II) SOIL DEPTH AND TEXTURE 
To date, openings caused by I. tomentosus in eastern 
Canada have been associated with two distinct soil 
condi tions, appearing to favor the growth and development of 
the disease (van Groenewoud and Whitney, 1969). The first 
group is the shallow soil types, which disallow extensive 
penetration of the root system into the soil (van Groenewoud, 
1955 ; van Groenewoud and Whitney, 1969; Whitney, 1962). Van 
Groenewoud (1955) reports that up to 75% of all tomentosus 
infection centers are found in sites similar to these. The 
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second group is the dry, sandy, poor nutrient soils. (van 
Groenewoud, 1955; van Groenewoud and Whitney, 1969; Whitney, 
1976}. These soils vary in depth and coarse fragments and 
usually have outwash or ponded origins (Whitney, 1976}. For 
classification purposes, infected areas that do not resemble 
either of the preceding two soil conditions are classified as 
the variable soil type. This third classification of infected 
stands can have variable soil texture, nutrients and moisture 
(van Groenewoud and Whitney, 1969}. 
Between the three soil groupings, some common factors 
appear. Each soil type has a consistently low pH (between 4 
and 5}, low nutrient content in the rooting zone, high stand 
density and therefore high competition for root space (van 
Groenewoud and Whitney, 1969}. I. tomentosus infection 
centers can occur in stands with soils of all textures 
(Whitney, 1962}, but the incidence seems greatest in sandy 
soils (van Groenewoud and Whitney, 1969}. In determining 
relationships between root rot incidence and soil texture, 
other factors associated with texture may influence results, 
such as soil compaction, water infiltration rates and soil 
aeration (Miller and Burke, 1985; Oyarzun et al., 1994; 
Rothrock, 1992; Tu and Tan, 1988}. 
(III) SOIL NUTRIENTS 
No studies attempting to quantify the nutrient 
requi rements for I. tomentosus as it relates to distribution 
and spread have been published recently. Furthermore, little 
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is known about soil nutrient relationships with other root 
disease fungi. Matson and Waring (1984) inoculated six to 
eight-year-old mountain hemlock trees grown in different 
nutrient regimes, with Phellinus weirii. They observed that 
trees growing in nutrient limited soils were significantly 
more diseased; however, the cause of the disease was not 
confirmed through re-isolation of Phellinus weirii. 
The relationship between soil nutrients and I . 
tomentosus is not known. Whitney (1976), evaluated the 
incidence of root rot in northwestern Ontario as it related 
to site index. The sites were classified between low quality 
and high quality, based upon landform, soil moisture regime, 
soil texture, soil depth, stoniness, and significant site 
features such as extreme slopes . This site index 
determination is similar to how soil nutrient regimes are 
determined in British Columbia. Whitney did not find a 
relationship between intensity of root rot and site index for 
balsam fir and black spruce stands . However, in white spruce 
stands, poorer sites appear to have slightly less root rot 
than better sites . 
(IV) SOIL TEMPERATURE 
Whitney (1962) described a significant difference in the 
abil i ty of I. tomentosus to grow and compete with other fungi 
between 0 and 30 · C . At s ·c, I . tomentosus is able to grow 
faster than many other fungi, yet above this temperature, it 
seems to be out-competed by many other fungi in v itro. 
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Temperature is also known to affect root rot development 
in agricultural settings. Rothrock (1992) suggested that 
black root rot of cotton, caused by Thielaviopsis basicola 
(Berk. & Broome) Ferraris is more severe at lower 
temperatures. Rhizoctonia solani Kuhn and R. oryzae Ryker & 
Gooch cause Rhizoctonia root rot of winter wheat 1n the 
northwestern United States. In natural soils, R. solani will 
cause severe root rot at low temperatures (6-19 . C) while R. 
oryzae only causes severe disease at high temperatures of 16 
to 27 ·c (Smiley and Uddin, 1993). Therefore, the 
pathogenicity of root rot fungi may be strongly related to 
temperature . 
(V) SOIL MOISTURE 
Site quality is correlated with the plant associations 
found on dry and moist sites. A higher percentage of trees on 
the moist sites have root decay, in all age classes, than 
very dry or very wet sites (Etheridge, 1956; Whitney, 1976; 
Whitney, 1980). Whitney (1976) suggested that root rot 1n 
black and white spruce forest landscapes is minimal in the 
wettest sites. Dry to fresh soils seem to have the most root 
rot (Whitney, 1976). 
This relationship between soil moisture and root rot 
incidence is more pronounced in black spruce than in white 
spruce (Whitney, 1976). No data are available in Whitney's 
1976 study about the pathogens responsible for the root rot. 
The researchers noted all root rots present in a tree, 
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however, I. tomentosus was suggested to be the primary causal 
agent of root rot in the study sites. 
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Chapter II. THE EFFECT OF INONOTUS TOMENTOSUS ON SOIL pH 
INTRODUCTION 
Many fungi are known to influence the pH of their 
environment (Harley/ 1971). This is seen as an adaptive 
strategy in which the fungus alters its surrounding habitat 
to mediate their own growth or the growth of nearby 
organisms . Examining how I . tomentosus interacts with its 
environment is important to help understand the infection 
severity throughout boreal forests. 
Previous studies demonstrate that I. tomentosus is a 
root disease capable of changing the pH of an agar medium 
(Whitney/ 1962). In natural systems/ Whitney also suggested 
that the pH values of various root tissues are susceptible to 
change in the presence of I. tomentosus. Therefore/ before 
attempting to relate soil pH to root disease incidence/ it is 
necessary to determine the effect of I. tomentosus on soil 
pH. 
If I. tomentosus has the ability to alter the pH of 
surrounding soils/ the relationship between incidence of the 
fungus and soil pH may be complicated and more difficult to 
determine. Researchers have suggested the optimal pH (water 
as liquid medium) for growth of I . tomentosus in vitro to be 
approximately 4.5 (Gosselin/ 1944; Whitney 1 1962); however/ 
some discrepancies exist in the literature and this requires 
further analysis. Our study exam~nes the possibility that I. 
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tomentosus alters adjacent soils to a more optimal pH level. 
The objectives are: 1) to determine if I. tomentosus 
influences soil pH levels and; 2) if it does change the pH, 
to determine what pH the fungus is altering the soil towards. 
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MATERIALS AND METHODS 
COLLECTION OF SOIL SAMPLES 
To determine if I . tomentosus influences pH 1n the 
rhizosphere of infected roots, soil samples were collected 
from beside infected roots and nearby uninfected roots. To 
determine if roots were uninfected or infected, a pulaski was 
used to expose at least 50% of the root's diameter. The 
freshly exposed wood was examined for signs of I . tomentosus 
decay, which included reddish/brown staining and 
characteristic white-rot pitting. Roots were selected for 
study if extensive pitting occurred throughout the heartwood, 
and at least some staining in the sapwood of the root. 
Myce l ium under the bark was acceptable; however, spruce trees 
with ecto-trophic mycelium were not used in the study. 
Samples of soil were collected from the SBSmkl variant, 
the SBSvk subzone, and from three site series in the SBSwkl 
variant: the 01 (zonal sitesl), the 05, and the 08 site 
series. This sampling design enabled analyses of pH 
differences at three levels of biogeoclimatic resolution: the 
subzone level, the site series level, and the zonal site 
leve l . Half of the soil samples were collected beside roots 
that were infected with I. tomentosus (hereafter called 
infected soil) and half were taken from beside nearby roots 
that were uninfected (hereafter called uninfected soils). 
1 Zona l site : the site which best reflects the mesoclimate or regional 
climate of an area (Meidinger and Pojar, 1991). 
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Table 2 presents the number of samples taken from each level 
and t h e number of different sites these samples were obtained 
from. All of the roots were between five and ten centimeters 
di~eter and located in the A or upper B horizon. Soil 
samples were collected using a trowel to obtain soil directly 
adjacent to roots, and samples were placed in a soil moisture 
can . Bark and other root tissues were not included in the 
soil sample. 
pH MEASUREMENTS 
The pH of each soil was measured in O.OlM CaCl2 
according to the procedures of Hendershot et al. (1993). Ten 
grams (fresh weight) of soil were stirred into 20 ml of O. OlM 
CaC12 for thirty minutes. The mixture then settled for thirty 
minutes before the pH was taken from the liquid suspension 
using an Orion model 420a digital pH meter. 
DATA ANALYSIS 
Two hypotheses were tested to determine the effect of I . 
tomentosus on soil pH: 1) does I. tomentosus change soil pH 
to a value either higher or lower than the mean pH of soils 
without I. tomentosus and; 2) does I. tomentosus alter soil 
pH towards a pH favorable for its own growth, regardless of 
the pH of the soil without I. tomentosus. 
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Table 2. Site sample numbers and soil sample numbers for 
each level of biogeoclimatic resolution . 
Subzone I # sites # uninfected # infected 
Variant sampled samples samples 
SBSmkl 1 5 5 
SBSvk 3 22 22 
SBSwk1: 
Site series 01 14 14 14 
Site series 05 4 4 4 
Site series 08 6 6 6 
TOTAL 28 51 51 
28 
For the first hypothesis, t-tests between mean 
uninfected soil pH and mean infected soil pH were performed 
for all data 1n the subzone, site series and zonal site 
levels. This test assumed that if I. tomentosus altered the 
pH of the surrounding soil, the resultant change would be 
either significantly higher or lower than the mean pH of 
soils near uninfected roots. 
For the second test, only the soil samples from the 
SBSwkl variant were used since infected and uninfected-root 
soil samples were taken in pairs from individual plots 
separated by approximately lOOm. The pH of infected soils 
were subtracted from the pH of uninfected soils. The 
difference in pH could be either positive or negative, 
reflecting a decrease or an increase in soil pH around 
infected roots. With uninfected soil pH as the independent 
variable and the actual pH difference observed as the 
dependent variable, a linear regression was fit to the data . 
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RESULTS 
Important descriptive statistics for each pH data group 
are presented in Table 3. No significant pH differences were 
observed between uninfected and infected soil groups for all 
data together (p = 0.65), for SBSwk1 variant data (p=0.85), 
or between the two soil sample groups of the SBSwk1 zonal 
sites (p=0.49). 
A graph of the difference in pH of uninfected soils less 
the pH of infected soils from each paired sample, plotted 
against the uninfected soil pH of each pair is presented in 
Fig. 1. Because only SBSwkl values were used, the pH mean and 
range for these soils was the same as those presented for the 
site series level (SBSwkl variant) in Table 3. Regression 
analysis of this data resulted in a Squared R value of 0.51, 
the standard error of the estimate was 0.32, and a 
significant p-value (p< 0 . 001). In plots with uninfected soil 
pH values higher than the mean, infected soils from the same 
plot had pH values that were more acidic, and thus closer to 
the mean uninfected soil pH. In plots with uninfected soil pH 
values lower than the mean, infected soils had more basic pH 
values, and were closer to the mean uninfected soil pH. The 
direction of the change in pH appeared to be related to the 
original pH of the soil before infection occurred. 
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Table 3. Means, standard deviations and range of pH found 
for soil beside roots infected with I. tomentosus 
and soils beside uninfected roots, for all data 
together, SBSwkl data only, and zonal sites within 
the SBSwkl variant. 
Biogeoclimatic level n MEAN pH S.D. pH RANGE 
SUBZONE (ALL DATA) 
HEALTHY 51 3.86 0.45 2.97-5.31 
INFECTED 51 3.90 0.43 3.03-5.25 
SITE SERIES DATA 
(SBSWKl) 
HEALTHY 24 3.90 0.47 3.15-5.25 
INFECTED 24 3.87 0.40 3.25-4.89 
ZONAL SITES 
HEALTHY 14 3.91 0.60 3.15-5.25 
INFECTED 14 3.91 0.47 3.25-4.89 
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Figure 1. Relationship between the soil pH around an 
uninfected root and the difference in soil pH 
following infection by I. tomentosus. R2 is 0.51 
with a p-value less than 0.001 . 
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DISCUSSION 
The mean pH values for uninfected soils at all levels of 
analyses were between 3.86 and 3.91. The optimal pH for I. 
tomentosus growth in culture is 4.5, as measured us1ng water 
as the liquid medium (Whitney 1962; 1966}. Using CaC12 as the 
measurement liquid, it lowers the pH by about 0.5 units 
compared to water as the solution (Hendershot et al., 1993}. 
Therefore, the optimal pH for I. tomentosus growth in culture 
is approximately the same as the mean pH for uninfected soils 
1n the SBSvk subzone, SBSmk1 variant and SBSwk1 variant. If 
the optimal pH for I. tomentosus in culture is the same as 
the pH for optimal growth in nature, any pH changes of 
surrounding soils induced by the fungus should naturally be 
toward the mean uninfected soil pH in these biogeoclimatic 
units. 
The similar means of pH for uninfected and infected 
soils at all levels of analyses suggests that the presence of 
I. tomentosus either does not influence soil pH, or that it 
alters the soil pH to a value close to the mean pH of 
uninfected soils in the studied subzones/variants. The 
significant regression analysis demonstrated in Figure 1 
suggests that the presence of I. tomentosus does affect soil 
pH. Results of the study by Whitney (1962} where I. 
tomentosus was found to alter the pH of solid and liquid 
culture media, and root tissues, further supports the 
suggestion that soil adjacent to infected roots is being 
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influenced by this root disease fungus. Therefore, in our 
study, the similar pH means for infected and uninfected soils 
suggests that the presence of I. tomentosus results in a 
change of soil pH towards an optimal pH level similar to the 
mean pH of uninfected soils in the SBS units examined. 
This is further supported by a lower standard deviation 
of the infected soil pH than for the uninfected soil for each 
of the three study groups. The range of soil pH is lower than 
for uninfected soils; therefore, soils surrounding infected 
roots have pH values closer to the mean pH of the study area. 
Inonotus tomentosus may not be directly responsible for 
the change in soil pH. Other organisms associated with root 
fung i could cause the change in pH, or the root itself may 
release some acidic biochemical compounds in response to the 
stress caused by I. tomentosus. However, since Whitney 
(1962) demonstrated that I. tomentosus can alter the pH of 
agar media and of root tissues, it is likely that this fungus 
is a l so responsible for soil pH changes. The variation in the 
regression line in Figure 1 is possibly the result of 
differences in root diameter, number of years the root was 
infected, and measurement errors in the distance the sampled 
soil is from the infected root. 
Small diameter roots usually have more fungal mycelium 
on or near the surface of the root compared to a large 
diameter root (Lewis et al., 1991b). The mycelium is confined 
withi n the heartwood of a large diameter root to a greater 
extent than a small diameter root (Lewis et al., 1991b; 
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Whitney, 1962) . Abundant mycelium present at the s urface of 
the root should allow for a more substantial pH change of 
nearby soils. Similarly, a root that has been infected for a 
long period of time should have more mycelium present on or 
near the surface of the root than a newly infected root 
(Lewis et al., 1991b). Greater changes in pH would be 
possible near roots that have been infected for a longer 
period of time, although this has not been specifically 
measured in previous studies. 
The distance from the sample point to the infected root 
is an important variable to consider in this study . The 
volume of soil influenced by fungal infection in the root is 
probably limited. The pH changes in cultures of decay fungi 
are thought to result from disproportionate absorption of 
cations or anions, and these changes are local in nature 
(Harley, 1971). Consequently, sampling techniques become 
important for accurate determination of localized pH changes. 
In this study, only soils within 2 em of the root were 
sampled; however, soils surrounding infected roots may be 
disturbed slightly during root excavation. It is likely that 
the changes in pH caused by I. tomentosus are more 
significant directly adjacent to the infected root. 
Despite all of the potential causes of variation in this 
study, results demonstrate that I. tomentosus changes local 
soils to a pH more optimal for its own growth . Further 
studies are required to exam1ne how diameter of r oots, age of 
infection, and distance of soil from infected roots affect 
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the ability of I. tomentosus to alter the soil pH. Ideally, 
the sample size for the paired uninfected-infected roots 
would be larger to include several samples from each pH unit 
in the normal range of uninfected soils in the SBSwkl 
variant. Further samples from other subzones/variants would 
also assist in determining if I. tomentosus does alter soil 
pH to more optimal levels. More samples from sites with pH 
levels far removed from the optimal pH of I. tomentosus will 
help examine this relationship. While previous studies 
indicate that I. tomentosus alters agar media and root 
tissues, this study suggests that I. tomentosus may also 
alter soils surrounding infected roots. 
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Chapter III. THE RELATIONSHIP OF SITE AND SOIL 
CHARACTERISTICS TO THE INCIDENCE AND SPREAD OF 
INONOTUS TOMENTOSUS 
INTRODUCTION 
The distribution of Inonotus tomentosus throughout 
spruce-dominated stands is quite patchy; however, the fungus 
is present throughout boreal and sub-boreal forests in North 
America (Merler et al., 1988; van Groenewoud, 1955; Whitney, 
1962; Whitney, 1980). Some stands are heavily infected with 
tomentosus root disease while others have no signs of 
infection. Furthermore, this pathogenic fungus is often 
clumped within an infected stand. Many areas have several 
infection centers, whereas other adjacent sites have only a 
few or no infection centers. 
The ubiquitous occurrence of this fungus across boreal 
forests in North America and its persistence through 
successional stages suggest that I. tomentosus has been as 
natural a part of forest ecosystems as the spruce trees. 
Given the length of time these two organisms have been 
associated together, why is the distribution of this fungus 
so patchy? Some of this patchy distribution may be attributed 
to chance; spore dispersal, germination, appropriate 
substrates and frequency of root contacts would all influence 
success or failure of infections. However, it is probable 
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that other ecological factors exist that have influenced I. 
tomentosus distribution. 
The site series is the smallest biogeoclimatic unit 
determined by foresters when Silviculture Prescriptions2 are 
completed. Boreal and sub-boreal forest stands can be 
stratified into different site series based on landscape 
formations, as well as the site and soil factors that vary 
between these different landscapes. Consequently, the site 
series unit is ideal for study of the variation of I. 
tomentosus incidence at the forest stand level. Because site 
ser~es may also change between stands, it is a useful unit 
for comparing tomentosus root disease incidence between 
different stands within one subzone or variant. 
The site and soil features that are used to classify a 
site to site series may also contribute to the distribution 
pattern of I. tomentosus. These characteristics are 
quantified during ecosystem classification for purposes of 
Silviculture Prescriptions, growth and yield studies, and 
other applications. Quantification of disease or insect pest 
incidence is also an important part of many forest management 
activities. Reliable and efficient diagnosis of tomentosus 
root disease is difficult without extensive root excavation 
throughout a stand. Therefore, relationships between site or 
2 Silviculture Prescription: Outlines various ecosystems, site 
limitations, and silvicultural system to be used in a stand. In 
the Forest Practices Code of British Columbia, the district 
manager must approve a Silviculture Prescription for all crown 
land areas before harvest . 
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soil variables and the incidence of I. tomentosus can be 
directly applied by silviculturists. 
The objectives of this study are: l) to determine if a 
relationship exists between site series and incidence of I. 
tomentosus; 2) to examine the relationship between the 
various ecosystem factors that determine site series, and the 
incidence of I. tomentosus infection; and 3) to relate these 
findings to the preparation of silviculture prescriptions or 
other applications of ecosystem classification. 
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MATERIALS AND METHODS 
SITE SELECTION 
To study the specific relationships of ecosystem 
characteristics to incidence of I. tomentosus, a reasonably 
representative subzone or variant of the sub-boreal forests 
was required. The SBSwkl variant was selected as it does not 
have an extreme climate such as the SBSdh (dry-hot) or SBSvk 
(very wet-cool) subzones . This subzone was also chosen due to 
the dominance of spruce in the forest canopy, the ecosystem 
diversity, and the proximity to Prince George. In addition, 
this variant was known to have I. tomentosus throughout its 
range in the Prince George area and the abundance of logging 
roads enabled vehicle access to many potential research 
sites. 
The SBSwk1 is a diverse variant with 12 different site 
series (Figure 2). The mean annual precipitation is 930.9mm, 
the mean annual snowfall is 337cm, and the mean annual 
temperature is 2.6·c (Reynolds, 1989). Much of the SBSwk1 is 
found just east and to the north and south of Prince George, 
Brit i sh Columbia (Figure 3). 
Study plots were confined to areas within the SBSwk1 
variant. Potential sites were identified using forest 
inventory databases at Northwood Pulp and Timber Ltd. and the 
B.C. Ministry of Forests. Candidate stands were selected from 
three specific areas within the SBSwk1 classification: 
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Figure 2. Edatopic grid with site series location for the 
SBSwkl variant (courtesy of Ministry of Forests) 
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Figure 3. Biogeoclimatic units of the southwest portion 
of the Prince George Forest Region (courtesy 
of Ministry of Forests). 
the South Averil area of Tree Farm License (TFL ) 3 0 ; the 
Aleza Lake Research Forest; and an area on the North Willow 
Forest Service Road (Figure 4). Several criteria were used to 
select appropriate research sites within the SBSwkl variant. 
Stands at least 100 years old were required for adequate 
disease development and expression. Spruce is the most 
severely impacted host of I . tomentosus, therefore , hybrid 
white spruce (Picea glauca x engelmannii) was the primary 
species studied. Not all stands within the SBS zone have 
spruce as the dominant tree species; the frequency of spruce 
changes relative to the site series. In site series 03, 04 
and 12, lodgepole pine or Douglas-fir tend to dominate the 
canopy. Because of this, walk-through surveys along transects 
were completed in all stands to ensure spruce was present in 
the area. Since large elevation differences between stands 
can potentially influence incidence of root disease (Hobbs 
and Partridge, 1979), stands were selected with relatively 
similar elevations (approximately 800m to 1050 m). 
Discussions with the Ministry of Forests and with local 
forestry consulting firms resulted in the removal of 02 site 
series from this study . These ecosystems are very rare; the 
few 02 areas found are extremely small in area and they are 
almost completely dominated by lodgepole pine and Douglas-
fir. The other eleven site series are quite common, although 
some are small in area or are very localized within the 
subzone. 
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Figure 4. Map of area east of Prince George depicting the 
location of the South Averil (SA), Aleza Lake (AL) 
and North Willow (NW) study sites. (courtesy of 
Ministry of Forests) . 
PLOT SELECTION 
I. tomentosus is found in a clumped pattern throughout 
stands, from one tree to a group of six trees (Lewis, 1990). 
Therefore, a systematic sampling scheme was used to ensure 
thorough coverage of each stand. Fixed radius plots instead 
of transect surveys were used in this study because the site 
series in a stand can change frequently along a transect 
line. 
Forest cover or ecosystem maps were obtained for the 
three study areas and baselines were drawn at 100 meter 
intervals on the maps. Fixed-radius plots, 25.2 m in 
diameter, were pre-located every lOOm along these baselines. 
This distance guaranteed physical independence of the study 
sites and ensured individual tomentosus infection centers 
would not be included in more than one plot. Site series 12 
was found in only one small area within the accessible SBSwk1 
variant, consequently, plots were located a minimum of 50m 
apart for this site ser1es. 
In each stand, distance between plots was measured using 
a hip chain. Once the plot was established, two criteria were 
used to maintain consistency between each site series. The 
area selected had to be the same site series throughout the 
entire plot and the site had to consist of a minimum of six 
spruce trees. To eliminate bias towards uninfected plots, the 
six spruce trees could be dead standing or dead fallen as 
well as healthy. If the plot area did not satisfy these 
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requi rements, the plot was relocated 5 to 10m in any 
direction to an area that could meet these criteria. Plots 
were 25.2 meters in diameter (1 / 20 ha.). Each plot was 
measured using a 50 meter logging tape attached t o a central 
tree . Any tree with part of its trunk within the 25.2 m 
diameter was considered in the plot. Trees with a Diameter at 
Breast Height greater than 15cm, as measured with a 
circumference-to-diameter tape, were counted. All species of 
trees were recorded for density estimates. 
SITE CLASSIFICATION 
Classification of sites to specific site series was 
according to the ecosystem classification guides published by 
the British Columbia Ministry of Forests (DeLong and Fahlman, 
1996 ). A soil pit was dug at each site for soil description. 
Humus forms were classified as either mor, moder or mull . The 
soil texture was approximated using tests that estimated 
percentage of clay, sand and silt. These included tests for 
organic matter, graininess, moist cast, stickiness, taste, 
soapi ness and worm formation. 
Identification of moisture regimes incorporated slope 
position, slope gradient, soil depth, soil texture, depth of 
water table, frequency of bedrock exposures, and presence of 
gleyed soil . Nutrient regimes were determined using soil 
coarseness, coarse fragments, soil depth, rooting depth, and 
humus form. The plant communities present at each site were 
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used together with the moisture and nutrient regimes to 
confirm the site series of the plot. All data were recorded 
and re-examined to ensure accuracy. For plots that had two 
possible moisture or nutrient regime values, vegetation was 
used to determine which regime it was most likely to be 
within. A sample data sheet is presented in Appendix A. 
Soil moisture regimes were ranked one through seven, 
analogous with xeric to subhydric regimes. Soil nutrient 
regimes were designated one through five to correspond with 
the five classes from very poor (1) to very rich (5). Grid 
cell location was based on the combination of soil nutrient 
and soil moisture regime classification. Spruce density was 
the number of spruce present per plot. Percentage of spruce 
trees was calculated using (number of spruce trees in plot I 
total number of trees in plot) multiplied by 100. Mesoslope 
position was designated as upper slope, middle slope , lower 
slope, level, or a depression . Humus form was either mor, 
moder or mull . Mineral soil texture was classified as Sand 
(S), Loamy Sand (LS), Sandy Loam (SL), Sandy Clay Loam (SCL), 
Silt Loam (SiL), Loam (L), Silty Clay Loam (SiCL) , Silty Clay 
(SiC), or Clay Loam (CL). Organic (0) soils were also noted 
in the absence of mineral soils. Soil coarseness was 
classified from one through five as fine (1), moderately fine 
(2), medium (3), moderately coarse (4), or coarse (5). 
A minimum of twenty plots were studied per site series, 
and these plots had to be selected from a minimum o f three 
separate stands, separated by at least five kilometers. After 
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twenty sites were completed, the data from each site series 
was analyzed to determine the standard error of the percent 
plots infected with I. tomentosus. A standard error of 8% was 
selected as the maximum for percent plot infection because a 
maximum standard error of 5% would require the 
study of up to 105 plots per site series. A 10% standard 
error was considered too large for significant conclusions to 
be drawn. Therefore, an 8% standard error was considered both 
practical to obtain and significantly small enough to draw 
reasonable conclusions. 
For site series 01, 03, 05, 07 and 08, the standard 
error was greater than 8% and an additional 15 plots were 
sampled for a total of 35 plots for these site series with 
highly variable levels of Tomentosus Root Disease. Thirty-
five plots were sufficient to keep the standard error of 
percent of plots with infection under 8% for each site 
series. 
To examine the effect of soil pH in a plot on incidence 
of tomentosus root disease, soil samples were taken from 
beside uninfected roots to represent the normal or unchanged 
soil pH of the plot (Chapter II). Soil samples for pH 
analyses were only taken from the first seventy plots 
studied. Table 4 presents the site series from which the 
samples were taken and how many plots had tomentosus root 
disease present. The pH was determined using the same methods 
described in Chapter II. 
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Table 4. Number of pH samples taken from each site 
series, from healthy and infected plots. 
SITE SERIES TOTAL SAMPLES # SAMPLES FROM # SAMPLES FROM 
OBTAINED INFECTED PLOTS HEALTHY PLOTS 
1 24 17 7 
3 1 0 1 
4 10 9 1 
5 8 4 4 
6 1 0 1 
7 10 4 6 
8 10 3 7 
9 4 1 3 
10 2 1 1 
TOTAL 70 39 31 
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IDENTIFICATION OF I. TOMENTOSUS 
A pulaski was used to excavate and sever roots of each 
spruce tree in all study plots and were examined on location 
for s i gns of I. tomentosus decay. If the first root examined 
did not show signs of infection, additional roots were 
sampled as necessary to make an accurate diagnosis. 
If root decay was found but the causal agent was 
uncer t ain, a sample of the root was brought to the lab and 
cultured to determine if the pathogenic agent responsible for 
the decay was I. tomentosus . Identification was based upon 
descriptions by Nobles (1948) and Gilbertson & Ryvarden 
(1986). Fifty-eight sub-samples of infected roots were 
excised and taken to the laboratory for isolation, culture, 
and identification. 
The roots were cleaned by chopping off the soil-
encrusted outer bark and then the roots were split in half 
with a hatchet. Small chips of wood (approximately O.Scm on 
one axis) were excised from the margin of decay in freshly 
exposed root tissue, and plated onto 3% malt extract agar 
(MEA) plates. Three chips were plated on each MEA plate. 
After one week, cultures were examined for macroscopic 
features of I . tomentosus. If tomentosus was suspected, a 
subculture of the colony was made onto a fresh MEA plate . 
After one week, a sample of the sub-culture was examined 
under the microscope for diagnostic characteristics such as 
the presence of hyphal swellings . For those root isolations 
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that did not yield I. tomentosus after the first isolation 
attempt, a second isolation was made from a freshly exposed 
surface . 
DATA ANALYSIS 
The percent of trees infected with I. tomentosus per 
plot was analyzed for relationships with ecosystem 
characteristics. Independent variables included site series, 
soil moisture regime, soil nutrient regime, edatopic grid 
cell location, spruce density , percentage of spruce trees, 
mesoslope position, humus form, soil texture, soil 
coarseness, and soil pH. Descriptive statistics of the 
variables were determined using Microsoft Excel. Skewness and 
kurtosis were used as measures of normality of the data. 
Logarithmic, square root, and arcsine transformations were 
performed on the dependent variable to determine if 
transformed data would better meet normality assumptions for 
Analysis of Variance. 
Analysis of Variance (ANOVA) tests were performed 
separately with each ecosystem characteristic used as the 
independent variable. ANOVA procedures were used to determine 
relationships between the site and soil variables, and the 
percent trees infected per plot . Relationships were 
considered significant if the p-value was less than 0.05. If 
the ANOVA tests were significant, a multiple comparison 
analysis (MCA; Tukey-Kramer method) was performed t o test for 
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significant differences between all possible pairs of means 
(Sokal and Rohlf, 1995). MCA tests were performed for site 
series, soil moisture regime, mesoslope position, soil 
texture and grid cell location . 
Non-parametric or distribution-free statistical methods 
(rank analysis) were also performed on all of the data. These 
tests are not dependent on a normal distribution and are used 
if any standard ANOVA assumptions are not satisfied (Sokal 
and Rohlf, 1995). Results of the non-parametric ANOVA tests 
were compared with the ANOVA tables for normal data . If no 
differences between the tests existed, the ANOVA tests for 
normal data were used for all analyses. Normal ANOVA 
procedures are considered the most appropriate statistical 
procedure as they are more sensitive to the detection of 
significant differences (Sokal and Rohlf, 1995) . 
For soil pH, a linear regression and logistic linear 
regression analysis was performed. A logistic regression was 
used to determine how many plots, instead of trees, were 
infected at each pH value. All ANOVA's, regression and MCA 
analyses were performed using the SYSTAT computer statistics 
package. 
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RESULTS 
Fifty-eight root samples were excavated and returned to 
the laboratory to be cultured for decay fungi. Most of the 
samples ~id not have signs of infection by I . tomentosus but 
had some unidentified decay present . Pure cultures of I. 
tomentosus were isolated in six of the 58 samples . Only these 
six were included in data analysis as having tomentosus root 
disease . 
The level of analysis of the data was the percent trees 
infected per plot, and this was examined first to determine 
if it satisfied the normality assumptions for subsequent 
ANOVA testing. The mean and standard error of the percent 
trees infected per plot was l C ~ 3 +! - 1.00 . Skewness of the 
data was 1 . 92 and the kurtosis was 3.40. Although the data 
are quite close to normal, the 174 plots that had zero 
infection levels skewed the data to the right. 
Logarithmic, square root, and arcsine transformations 
were performed to determine if one of these transformations 
would normalize the data to a greater extent . None of these 
transformations improved both the skewness and the kurtosis 
at the same time to a significant extent, and were not used 
in any data analyses . 
Non-transformed data were used for all statistical 
procedures and compared with the results using rank-
transformed data. The non-parametric method of data analysis 
had very similar results as the non-transformed data. Since 
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non-parametric tests are less reliable in detecting 
departures from the null hypothesis (Sokal and Rohlf, 1995), 
results presented for all statistical analyses are for non-
transformed data. The ANOVA tables for percent trees infected 
per plot for all measured characteristics are presented in 
Table 5. Data for each plot are presented in Appendix B. 
A significant relationship (p<0.001) existed between 
site series and percent trees infected per plot (Figure 5). 
The 04 site series was the most heavily infected with a mean 
of 31.00 +/- 4.89%. Site series 11 was the only site series 
with no tomentosus root disease. Results of the MCA analyses 
are presented graphically in Figures 5 through 14 for 
ecosystem variables that had significant differences in 
percent trees infected. 
There were significant differences (p<0.05) in infection 
incidence between some soil moisture regimes as shown in 
Table 5 and Figure 6. Of the 296 plots studied, only one plot 
had a moisture regime of 1 (xeric), of which 16.67% of spruce 
trees in the plot were infected with I. tomentosus. This plot 
was not included in moisture regime analysis since all other 
soil moisture regimes were represented by a minimum of 20 
plots from various site series. Plots in soil moisture regime 
3 (submesic) had the most infection, with 14.03 + / - 2.93% of 
spruce trees infected. Soil moisture regime 7 (subhydric), 
which represented site series 11, did not have any tomentosus 
root disease. 
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Table 5. ANOVA tables of percent trees infected per plot for 
all measured variables. 
ss df MS F P-value 
1) site series Between 22411.95 10 2241.95 9.809 <.001 
Groups 
Within Groups 65115.36 285 228.475 
2) soil moisture Between 5796.153 6 966.025 3 .524 0.002 
regime Groups 
Within Groups 75922.99 277 274.09 
3) soil nutrient Between 1377. 09 4 344.272 1.196 0. 313 
regime Groups 
Within Groups 80342.05 279 287.964 
4) edatopic grid Between 12492.37 20 624. 619 2. 367 0.001 
cells Groups 
Within Groups 69140.5 262 263.895 
5) coarseness Between 1714.856 4 428.714 1. 383 0.24 
Groups 
Within Groups 83047.4 268 309.878 
6) spruce density Between 5997.583 29 206.813 0.675 0.898 
Groups 
Within Groups 81529.72 266 306.503 
7) % spruce Between 2949.665 9 327.74 1.108 0. 357 
Groups 
Within Groups 84577.64 286 295.726 
8) slope position Between 7157.129 4 1789 . 28 6.6 08 <0.001 
Groups 
Within Groups 73379.88 271 270.774 
9) humus form Between 1650.728 2 825.364 2.734 0.067 
Groups 
Within Groups 77594.64 257 301.925 
10) soil texture Between 5447.459 10 544 . 746 1. 883 0. 013 
Groups 
Within Groups 81856.58 283 289.246 
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Figure 5. Percent trees infected with I. tomentosus per plot 
by site series. Bars with no letters in 
common are significantly different (p=O . OS) . 
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by soil moisture regime. Bars with no letters in 
common are significantly different (p=O.OS). 
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Differences between soil nutrient regimes were not 
significant (p>0.05) (Table 5 and Figure 7). Nutrient regime 
5 was not included in analysis since it was only represented 
by four plots. The poor nutrient regime had the highest 
levels of infection with 12.81 +/- 2.45% and the very poor 
nutrient regime had the least infection with 4.19 +/- 2.07% 
spruce trees infected. 
When the data are grouped by individual cells on the 
edatopic grid, some significant differences exist. However, 
the high standard errors resulting from the small sample s~ze 
for each edatopic grid cell location, there are very few 
significant differences. Several cells are not represented in 
the data because of inadequate numbers of plots (less than 
five). Cell 2B, the subxeric-poor nutrient cell had the 
greatest infection incidence of 25.77 +/- 6.07%, whereas cell 
7C, the subhydric-medium nutrient cell had no trees infected 
by I. tomentosus (Table 5 and Figure 8). 
The location of the plot with respect to slope position 
is significantly related to the amount of I. tomentosus 
present in the plot (Table 5 and Figure 9). Mid-slope had the 
highest levels of infection with 15.4 +/- 2.22% of spruce 
trees with tomentosus root disease. Trees growing in 
depressions did not have any infection due to I. tomentosus. 
Ten different textures of soil were classified in this 
study; however, only eight of these had sufficient data to 
analyze, as presented in Figure 10. Silty Clay and Sandy Clay 
Loam were only represented by two plots each and were not 
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Figure 7. Percent trees infected with I. tomentosus per plot 
by soil nutrient regime. 
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included in the analysis. Sandy soils were heavily infected 
(26.5 + / - 8.33) but the textureless, organic soils had no I. 
tomentosus. The only significant difference of tomentosus 
root disease incidence was between organic soils and Clay 
Loam. Although Sandy soils had the highest overall incidence 
of infection, the standard error of the samples was too large 
to be significantly different from other soil textures. 
The coarseness of the soil does not appear t o directly 
affect the incidence of tomentosus root disease. No 
significant differences were observed between soil coarseness 
levels as shown in Table 5 and Figure 11. Moderately coarse 
soils had the highest incidence of infection with 14 . 99 +/-
2.96% and medium soils had the lowest infection by I. 
tomentosus with 7.14 +/- 2.01% spruce trees infected . 
The SBSwk1 study sites had only eleven mull humus forms 
of the 296 plots studied and only one of the mull humus plots 
had tomentosus root disease (25% of spruce trees in plot) . As 
a result, the standard error (2.27%) of percent trees 
infected in mull humus forms is the same as the mean for 
these plots. This large standard error contributes to the 
non-significant difference observed between humus forms for 
percent trees infected per plot (Table 5 and Figure 12) . The 
difference between mor and moder humus forms is also not 
significant. 
The density of spruce did not affect the incidence of 
infection by I . tomentosus, as presented in Table 5 and 
Figure 13. Spruce densities ranged from 6 (the minimum 
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Figure 11. Percent trees infected with I. tomentosus per 
plot by soil coarseness. 
64 . 
14 
1 2 
1 0 
t-
0 _. 
c. 
" 
c 8 
w 
t-
(.) 
w u.. 
z 
en 
w 6 
w 
a: 
t-
~ 0 
4 
2 
0 
MOR MODER 
HUMUS FORM 
MULL 
.MEAN 
[] STANDARD ERROR 
Figure 12. Percent trees infected with I . tomentosus per 
plot by humus form. 
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requirement) to 35 spruce per plot and the average density of 
spruce trees was 13.68 +/- 0.33 trees. The majority of 
density values ranged from 6 through 23; however, twenty 
plots had spruce densities ranging from 24 to 39. Data were 
artificially grouped because the extremely high number of 
plots with no infection at all density levels made regression 
analysis and other linear variable statistical tools 
meaningless. 
The mean percent spruce per plot was 49.12 + / - 1.03, 
ranging from 8% to 100% spruce. Data were grouped in 
percentage levels of ten, ranging from below 30%, 31 - 40%, 
41 - 50 %, 51 - 60%, 61 - 70% and greater than 70% spruce. 
Figure 14 presents the percent infection by I. tomentosus for 
these groups of percent spruce in plot. The incidence of 
infection is not significantly different for percent spruce 
trees in plot. 
The average soil pH adjacent to uninfected roots for the 
70 sites throughout the SBSwkl variant was 3.88 + / - 0.58. The 
range of pH in this variant was between 2.81 and 5.25. I. 
tomentosus was found in pH range from 3.15 to 5.25. One plot 
was removed from the data set as it was determined to be an 
outlier (pH=6.64). The linear regression test had a 
significant (p=0.014) squared R value of 0.086, and the 
logistic regression analysis was also significant (p=0 . 013) 
with a squared R value of 0.089. The linear and logistic 
regression results are presented in Table 6. Lower soil pH 
67 
1 4 • MEAN 
[] STANDARD ERROR 
1 2 
1 0 
1-
0 
...J 
c. -c 8 
w 
1-
(.) 
w 
LL 
z 
C/) 6 w 
w 
a: 
1-
~ 0 
4 
2 
0 
<30 31-40 41 -50 51 -6 0 61 -7 0 >70 
PERCENT SPRUCE 
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68 
Table 6. Results of standard linear regression and logistic 
linear regression for infection levels by soil pH 
value. 
Logistic Regression Linear Regression 
Multiple R 0.29913306 0.2939167 
R Square 0.08948059 0.08638702 
Adjusted R Square 0.07589074 0.07275101 
Standard Error 0.48003797 19.0979075 
Observations 69 69 
F 6.58437278 6.33521062 
Significance F 0.01253022 0.01423577 
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sites had fewer% trees infected (linear regression), and 
fewer plots had trees infected (logistic regression ) . 
The 04 site series had the greatest incidence o f 
infection per plot (31%) and 90% of the plots were infected. 
Compared with 20% and 74% respectively for the next most 
infected site series (08), it was suspected that the high 
incidence of root disease in the 04 sites may actually have 
influenced the site properties . Therefore, further analyses 
were carried out for the 04 site series. The average number 
of western hemlock (Tsuga heterophylla) was calculated for 
all site series and the actual spruce density of each site 
series was determined. Results are presented ~n Figure 15. 
The mean number of hemlock was multiplied by 10 to fit the 
scale of the graph . The lowest spruce density (10 / plot) and 
the highest number of western hemlock (1.95/plot) were found 
~n the 04 site series . 
The mean number of dead spruce trees per plot and the 
mean number of these spruce that were infected for each site 
series was also required to assist the explanation of the 04 
site series infection levels. Table 7 presents these data as 
well as the percent of dead spruce trees that were infected 
with I . tomentosus. The 04 site series had the highest 
percentage of dead spruce trees infected with I. tomentosus . 
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Table 7. Number of dead spruce, number of infected dead 
spruce, and percent of dead spruce infected with I. 
tomentosus for each site series. 
Site Series Mean Number of Dead Mean Number of Percent of Dead 
Spruce Trees/Plot Infected Dead Spruce Spruce Trees Infected 
Trees/Plot with Tomentosus 
4 4.46 1.13 77.5 
3 1.34 0.57 42.5373134 
8 2 1.55 37.3259053 
5 2.65 0.97 36.6037736 
7 1.75 0.1 26.5625 
1 3.2 0.85 25.3363229 
9 3.59 1.34 7.51879699 
6 2.66 0.2 5.71428571 
10 2.15 0.1 4.65116279 
12 6.55 0 3.92156863 
11 2.55 0.1 0 
DISCUSSION 
ECOSYSTEM RELATIONSHIPS 
The incidence of infection by Inonotus tomentosus varies 
with site series in the SBSwk1 variant. The values of percent 
trees infected per plot found for certain site series can be 
explained using site and soil characteristics associated with 
site series classification. However, the incidence of 
infection in other site series is more difficult to explain 
by site and soil factors. The interrelated nature of many of 
these variables makes it difficult to explain the results in 
terms of specific site characteristics. I. tomentosus 
incidence also varies with some of these factors; therefore, 
it is necessary to discuss the individual variables first, 
and then site series as a unit. 
The soil moisture regime of a site is related to the 
incidence of I . tomentosus. Sites with a moisture regime of 6 
{hygric) or 7 {subhydric) are characterized by level or 
depression mesoslope positions, organic soils, a site series 
of 9, 10, or 11, and high water tables through most of the 
year . These sites also had very low levels of infection. The 
available oxygen for fungi in these water-soaked soils is 
reduced compared to drier soils . The energy production ~n the 
mitochondria of fungi is halted by anaerobic conditions, 
hindering all physiological processes (Boyce, 1961; Kendrick, 
1992). Very few fungi are adapted to survive and reproduce in 
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the low oxygen conditions found in bogs, ponds or high water 
table sites (Kendrick, 1992) and I . tomentosus does not seem 
to adapt well to these conditions. 
Where I. tomentosus did infect trees in these moisture 
regimes, the spread to other roots was minimal. Infection 
centers have a max~mum of two trees for hygric regimes and no 
trees for subhydric sites indicating the ability of I. 
tomentosus to spread is hindered in areas with high water 
tables . Black spruce was found throughout many of the sites 
with moisture regime of 6 and only black spruce were found in 
soil moisture regimes of 7 . This spruce species has been 
found to be very susceptible to I . tomentosus in Ontario 
(Whitney, 1976; 1980) and in British Columbia (personal 
observation) and is not likely the reason for the reduced 
infection or spread of tomentosus root disease. 
The remaining soil moisture regimes studied all had 
similar infection levels, suggesting that in the SBSwk1 
variant, only wet to very wet sites have an influence on the 
distribution of I. tomentosus. Similar results have also been 
found for Armillaria ostoyae (Whitney, 1995) and for 
Heterobasidion annosum (Kuhlman, 1980). The available soil 
water from subxeric (2) to subhygric (5) moisture regimes are 
not different enough to influence I . tomentosus infection 
level s. 
The driest regimes in this variant had some of the 
highest infection levels observed for all moisture regimes . 
This result may appear to conflict with previous reports 
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stating that dry sites were less likely to have disease 
(Etheridge, 1956; Whitney, 1976; Whitney, 1980) . However, 
since the moisture regimes are only relative measures and are 
not the same across subzones/variants, the high infection 
levels may be explained. If these moisture regimes were 
compared on an absolute scale to the rest of the sub-boreal 
spruce zone, the driest sites would be considered moist 
relative to other sites in the SBS zone. 
Regardless of the subzone, the mesoslope position of a 
site is directly related to the relative soil moisture regime 
designation. · upper slopes are always associated with dry 
sites and depressions are always the wettest sites. The slope 
position of a plot is the first descriptive variable used in 
dichotomous keys to determine the relative soil moisture 
regime (Meidinger and Pojar, 1991). Results of infection 
levels by slope position are consequently very related to the 
soil moisture regime analysis. 
Although lower slopes do not have significantly 
different infection levels than upper or middle slope sites, 
the reduced value for percent trees infected per plot may be 
attributed to the increase in moisture regime on lower 
slopes. Water is not shed as quickly on lower slopes compared 
to middle and upper slopes, resulting in a higher water table 
throughout the year. Many sites with moisture regimes of 6 
are found on lower slopes. 
Unlike other mesoslope positions, a variety of site 
series with different ecosystems are found on level areas 1n 
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the SBSwkl variant. Sites can be subxeric to hygric , with 
very poor to good conditions for nutrients, fine to coarse 
soils , and have both mor and moder humus forms. With such a 
large variation in ecosystems, I. tomentosus is common in 
some and absent in others. For this mesoslope position, it is 
almos t certain that other ecosystem variables are the primary 
influence on the incidence of I. tomentosus . The moisture and 
nutrient regimes, as well as the humus form may all 
contribute to some degree to the amount of tomentosus root 
disease present on level sites. 
Although no statistically significant (p<0 . 05) 
differences were observed between soil nutrient regimes, 
sites with very poor nutrients tend to have less I. 
tomentosus infection . This result concurs with Whitney (1976) 
who suggested that poorer quality sites have reduced levels 
of root disease. 
The reduced infection found on very poor nutrient sites 
may be a function of tree species present instead of the 
actual nutrient regime of the site. Very poor nutrient areas 
are characterized by high numbers of lodgepole pine , some 
Douglas-fir, and some black spruce. Hybrid white spruce is 
not common in these sites. The dominance of these sites by 
less susceptible tree species is a likely contributor to the 
decreased levels of I. tomentosus. Root contacts between 
spruce trees are minimized by the low incidence of spruce and 
the presence of roots from tree species that do not spread 
the root disease. Several plots with a very poor nutrient 
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regime rating had tomentosus root disease. However , the 
decreased amount of trees infected per plot suggests that I. 
tomentosus is less likely to spread to other trees in these 
sites . 
Although few sites were studied that had very rich 
nutrients, a trend exists that suggests very rich nutrient 
sites have lower infection levels than poor medium and rich 
nutrient sites. An increase in nutrient regime is 
accompanied by a general increase in moisture regime 
(Meidinger and Pojar, 1991). This nutrient/moisture regime 
relationship is not very pronounced in the SBSwk1; however, 
poor nutrient sites are often drier than rich nutrient sites. 
The four very rich nutrient plots studied were all in a 
moisture regime of 6 . The data in this study suggest that the 
decreas~d level of infection with increased nutrient regime 
is likely a combination of both nutrient and moisture regime. 
The humus form of a site is one of the indices used to 
estimate the soil nutrient regime . Mor humus forms are 
usually associated with very poor to medium nutrients, 
moder's are characteristic of medium to rich nutrients and 
mull humus forms are found primarily in rich to very rich 
nutrient sites (Meidinger and Pojar, 1991). Consequently, a 
relationship of disease incidence to humus form that is 
similar to nutrient regimes was expected . 
The incidence of infection by humus form and nutrient 
regime observed in this study both suggest that I. tomentosus 
develops and spreads most efficiently in poor quality sites . 
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One possible explanation for this relationship is the 
difference in rooting depth between poor and good quality 
sites . Mor humus forms and poor nutrient sites are often 
associated with extremely shallow soils while better nutrient 
sites have deeper soils (Meidinger and Pojar, 1991). The 
rooting depth of the trees was not measured, but from trends 
described by Meidinger and Pojar (1991) and from personal 
experience, roots in poor nutrient areas seem to spread 
horizontally to a much greater extent than roots in nutrient 
rich, deep soil sites. This more horizontal rooting pattern 
may increase root contacts between trees ~n poor quality 
sites, allowing for the faster spread of I. tomentosus. 
Poor and rich nutrient sites have different A horizons 
with Ae (eluviated) and Ah (humic) the most common for these 
site respectively. In addition, mor humus forms are usually 
associated with Ae horizons while moder and mull humus forms 
are associated with Ah horizons. Further examination of 
different biochemical properties found in the A horizon is 
required to explain why I. tomentosus has a higher incidence 
~n soils with poor nutrient, mor humus forms. 
Soil pH was significantly related to incidence of I. 
tomentosus; however, the range of soil pH in the SBSwk1 areas 
sampled is well within the uninhibited growth range (pH 3.0-
7.0) of the fungus (Whitney, 1962). The narrow range of pH 
values and the variation in infection incidence explain why 
the predictive power of soil pH was low. Only one soil sample 
was found to have a pH value (6.64) at the limits of the 
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normal growth and survival range for I. tomentosus. More 
samples with extreme pH values need to be examined before 
accurate conclusions can be made about the distribution of I. 
tomentosus by soil pH. This study does suggest that the 
incidence of I. tomentosus increases with soil pH, within the 
range of pH values found in the SBSwk1 variant. Very acidic 
soils inhibit the growth of most fungi (Kendrick, 1992), and 
I. tomentosus also appears to be affected by highly acidic 
soils. 
Although soil texture and coarseness are related to soil 
nutrients, moisture regimes and humus forms, it is apparent 
that neither the soil texture nor coarseness directly 
influences the distribution or spread of Inonotus tomentosus. 
This finding agrees with previous studies that suggested 
texture is not an important variable for I. tomentosus 
distribution (van Groenewoud and Whitney, 1969; Whitney, 
1962 ) . Sandy soils had the highest levels of infection in the 
present study; however, the large standard error of the 
sampl e does not allow for definite conclusions to be reached. 
Spruce density and percent spruce trees in a plot were 
also not related to the incidence of infection by I. 
tomentosus. This result was somewhat unexpected since the 
spread of I. tomentosus to adjacent trees occurs primarily by 
root contacts (Lewis and Hansen, 1991b; Whitney, 1980). 
Increased tree density results in a greater number of root 
contacts and if these contacts are between susceptible 
species, spread of I. tomentosus throughout the plot should 
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increase. In pure Douglas-fir stands, Phellinus weirii is 
able to spread faster than in mixed conifer stands due to 
increased root contacts (Wallis, 1976). The same 
relationship should exist for I. tomentosus (van Groenewoud, 
1955) . 
The present study suggests that soil moisture, soil 
nutr i ents, and the resulting site series have a greater 
influence on I. tomentosus distribution than spruce density. 
Site series 11 provides an example of how soil moisture 
content affects the distribution of tomentosus root disease, 
regardless of spruce density. According to van Groenewoud 
(1955), very dense spruce stands will have a higher incidence 
of infection over less dense sites. Site series 11 in our 
study had the highest number of spruce per plot (Figure 15), 
yet i t has no infection by I. tomentosus. Although spruce 
dens i ty plays an important role in the spread of tomentosus 
root disease, other site and soil factors influence the 
spread to a greater extent. The high number of spruce in site 
series affected by other ecosystem characteristics may 
explain why spruce density and percent spruce trees were not 
related to the spread of I. tomentosus . 
Demonstration of a definite relationship between spruce 
dens i ty and I . tomentosus incidence would require analysis of 
only one site series, and an increase in sample size across a 
range of spruce densities. Performing the study on one site 
series only would reduce the many ecosystem variables that 
are not constant between site series. Both spruce density and 
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percent spruce trees are likely important factors that 
determine the spread rate and infection levels in a stand 
(van Groenewoud, 1955) . 
In areas where root contacts between spruce are lacking, 
less infection is expected, although root contacts were not 
directly investigated. Site series 12 is located in the very 
poor to poor nutrient regimes that are characterized by very 
few spruce trees. The reduced number of root contacts between 
spruce roots in this site series is the most probable 
explanation for the decrease in percent trees infected by I. 
tomentosus. Several areas with site series 12 have poor 
nutrient regimes and mor humus forms that have moderate 
levels of infection. Moreover, the soil moisture regime of 
site series 12 ranges from submesic to subhygric, which was 
not found to influence infection levels. The spacing between 
spruce trees 1s probably the dominant influence on tomentosus 
root disease in this ecosystem. 
The ecosystem variables measured all likely contributed 
to the percent trees infected per plot observed in the 
different site series. Of all the ecosystem variables, the 
soil moisture regime, soil nutrient regime, slope position, 
potential number of root contacts and the indicator value of 
plant species present provide the best explanation of why 
each site series discussed below has different infection 
levels . 
The 06 site series has significantly lower levels of I. 
tomentosus than several other infected site series. However, 
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the 06 areas are found in the same moisture regime as the 
highly infected 08 site series , and in the poor t o medium 
nutrient regimes. Most characteristics of this eco system 
suggest that I. tomentosus could infect and spread rapidly 
throughout it. Analysis of the vegetation of this site series 
reveals a possible reason for the reduction in percent trees 
infected with I. tomentosus. 
The most common shrub in the 06 site series is Spiraea 
douglasii ssp. menziesii or Pink Spirea and is the indicator 
species for this site series. Ecologically, this shrub 
indicates a wet, open-canopy forest and is found in disturbed 
habitats (Klinka et al . , 1989; Mackinnon et al., 1992) . 
Another shrub abundant in 06 site series that indicates this 
ecosystem is Mountain alder , Alnus tenuifolia. In the herb 
layer, two other plant species are found specifically 1n the 
06 site series. Bluejoint (Calamagrostis canadensis) and 
Ground-pine (Lycopodium obscurum) indicate wet, open forests 
and are found at the edges of bogs and disturbed areas 
(Klinka et al., 1989; Mackinnon et al. , 1992) . The presence 
of these shrubs and herbs suggest that a high water table may 
be present throughout most of the year . These areas may be 
susceptible to frequent flooding and the lack of oxygen 
available in flooded soils may hinder the infection and 
spread of tomentosus root disease. 
According to the edatopic grid for the SBSwk1 (Figure 
2), t h e 06 site series is limited to a subhygric moisture 
regime. Data from this study suggests the relative moisture 
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regime for 06 sites is broader. The vegetation present in 
plots from this study clearly indicated a site series of 06; 
however, the soil moisture regime was usually determined to 
be between subhygric and hygric. One plot was identified 
specifically as having a hygric moisture regime. The 
reduction in I. tomentosus is consistent with reductions due 
to high moisture regimes if the 06 site series encompasses 
the hygric moisture regime on the edatopic grid . Since this 
study examined twenty plots in the 06 site series and the 
data available from the British Columbia Ministry of Forests 
is based on two 06 plots, this study suggests that 06 site 
series ~n the SBSwkl should include the hygric moisture 
regime on the edatopic grid. 
The 03 site series, the driest of all sites studied, is 
very localized and occupies different positions along the 
mesoslope. I . tomentosus is present at moderate levels at 
upper, middle and level slope positions in this site series. 
This characteristic suggests that slope position and 
subsequent moisture regime are not influential on tomentosus 
root disease in this dry site series. 
Lodgepole pine dominates the canopy in the 03 site 
series and may be responsible for the significant decrease in 
I. tomentosus infections; the reduced root contact between 
spruce trees may account for the lower than average incidence 
of infection. The very poor to medium nutrient regime and the 
subzeric to submesic moisture regime characteristic of 03 
areas .are heavily infected in other site series. Therefore, 
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the decreased spruce density is the most probable reason for 
the observed infection levels. 
Site series 01, 05, 07 and 08 all have similar moisture 
and nutrient regimes, are very common sites and do not have 
significantly different I. tomentosus infection levels. These 
sites have adequate moisture receiving and shedding 
abilities, nutrient levels range between poor and good, and 
are not subjected to extreme ecosystem qualities. Sites ~n 
the middle of the slope are considered the most productive 
and valuable locations within the SBSwk1 variant. Since I. 
tomentosus will infect any spruce tree regardless of tree age 
or apparent vigor (Merler, 1984; Whitney, 1980), these 
average sites seem to benefit the trees and the fungus alike. 
The most unexpected result from this study is the 
extremely high percentage of trees infected with I. 
tomentosus in the 04 site series. Despite the many 
similarities between 04, 01, 05, 07 and 08 site series, the 
infection incidence was higher in the 04 than all other site 
series . The 04 site series is located in drier sites than the 
average site series described above but the nutrient regime 
values ranging from poor to rich are similar. Slope positions 
are similar to the 01, 05, 07, and 08 sites except the 04 
site series are not found on lower slopes. Examination of the 
vegetation present and the other site variables in the 04 
site series provides a possible explanation within the 
context of disturbance ecology. 
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DISTURBANCE ECOLOGY AND I. TOMENTOSUS 
Characteristics of 04 site series suggest that these 
sites may develop only in areas that have previously been 
severely infected by I. tomentosus or another biotic or 
abioti c agent. Although other biotic agents were not formally 
examined, the extremely high levels of tomentosus root 
disease, and the low incidence observed of other potential 
agents (e.g. spruce beetle) suggests that I. tomentosus is 
the dominant biotic disturbance agent present in the area. 
Several characteristics of the 04 site series provide 
evidence suggesting that I. tomentosus can condition the 
trajectory of a site towards the 04 site series under certain 
circumstances. The size and distribution of the 04 sites, the 
similarity to 05 and 01 site series, the vegetation present, 
and the spruce density all indicate that some 04 site series 
develop in sites that were previously a different site series 
with tomentosus root disease. 
Areas where 04 site series are located are uncommon and 
small in size, an observation consistent with those published 
by DeLong and Fahlman (1996). The same observation could be 
applied to infection centers in different site series: 
uncommon and small in size. The 04 site series are usually 
surrounded by either 05 or 01 site ser1es on upper or middle 
slopes. The extraordinarily high level of infection within 
the 04 site series compared to 05 and 01 site series is not 
explained by any of the measured ecosystem characteristics. 
Holah et al., (1993) determined that Phellinus weirii 
caused a change in the vegetation within infection centers of 
the root disease. Their explanation of this change was that 
the removal of Douglas-fir trees from the upper canopy 
provi ded shade-intolerant plant species to establish ~n the 
open-canopy infection centers. The role of P. weirii as a 
diversity agent was also described by McCauley and Cook, 
(1980). The disturbance caused by I. tomentosus may cause 
vegetation changes similar to those caused by P. weirii. 
Since the site series determination of an area is dependent 
primarily on vegetation when the moisture and nutrient 
regimes are similar, analysis of the dominant vegetation 
(Delong, unpublished data) in the 04 site series provides 
more evidence that I. tomentosus may be altering the site 
series. 
The 04 site ser~es is the only one with Douglas maple 
(Acer glabrum) present. This shrub is indicative of open-
canopy forests, clearings, and primary succession stages 
(Klinka et al., 1989; Mackinnon et al., 1992). Since Douglas 
maple is not normally found in 01 or 05 site series, it is 
suggested that 04 site series result from a disturbance 
within an 05 or 01 ecosystem. Other plant species common to 
04 units and not found in 01 or 05 site series include 
Saskatoon (Amelanchier alnifolia) and Indian Hellebore 
(Veratrum viride). These species are also found abundantly in 
clearings and disturbed sites (Klinka et al., 1989; Mackinnon 
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et al., 1992). Other plant species indicative of disturbed 
sites are not commonly found in the 01 and 05 site series. 
The relative frequency of the western hemlock (Figure 
15) provides further evidence that suggests I. tomentosus 
alters specific 05 and 01 ecosystems. An average of 1.95 
western hemlock trees were present in 04 plots . Very few 
hemlock trees were found in the other site series. Western 
hemlock ~s adapted to grow on decaying coniferous wood 
(Klinka et al., 1989; Mackinnon et al., 1992) and is not very 
susceptible to infection by I. tomentosus (Whitney, 1980). 
Infection centers caused by I. tomentosus provide an ideal 
site for hemlock regeneration . Fallen and decaying spruce 
trees provide a habitat for hemlock in a biogeoclimatic area 
where hemlock is normally unable to compete with spruce, 
subalpine fir, lodgepole pine and Douglas-fir. The 
significantly greater amounts of western hemlock in the 04 
site series provides further indirect evidence that I . 
tomentosus may influence site series as presently classified. 
When an unusually large cluster of western hemlock trees are 
found in the SBSwk1 variant, it is possible that a 
disturbance agent has been influencing the vegetation 
composition of the site. 
Comparison of the remaining vegetation in 04 site series 
to the plant species in 01 and 05 site series reveals many 
similarities. Douglas-fir (Pseudotsuga menziessi), black 
huckleberry (Ribes lacustre), thimbleberry (Rubus 
parviflorus), black gooseberry (Ribes Lacustre), highbush 
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cranberry (Viburnum edule), Rosy twistedstalk (Streptopus 
roseus), wild sarsparilla (Aralia nudicaulis) , and one-sided 
wintergreen (Orthilia secunda) are all very common to each 
site series . Many other plants are found 1n each site series 
but are less common and are not valuable indicator species. 
Although 04 site series have a greater percentage of Douglas-
fir trees in the canopy than 01 and 05 sites, our study did 
not show any differences i~ the number of Douglas-fir per 
plot for each site series. The similarities between site 
series suggests that in an identical stand without a history 
of root disease, the site series may be classified as an 01 
or an 05, and that 04 sites typically develop in areas with 
root disease or other disturbance agents . 
The last indirect evidence of I. tomentosus influencing 
a site series change is the spruce density in the 04 site 
series (Figure 15). Spruce density does not vary 
significantly between the site series; however, the 04 site 
series has the least amount of spruce per plot of any site 
series. This result suggests that either spruce do not grow 
well in this site series or a disturbance agent has reduced 
the number of spruce. OVer seventy-seven percent of all dead 
spruce in the 04 sites were infected with I. tomentosus 
(Table 7) and ninety percent of 04 plots had tomentosus root 
disease (Appendix B), suggesting that I. tomentosus is the 
primary disturbance agent responsible for the 04 ecosystem 
development. The ten percent of plots that did not have 
tomentosus root disease present may be very old infection 
88 
centers where I. tomentosus is no longer present. Since .many 
large, dead, infected spruce were found in the 04 site 
series, it is concluded that a disturbance agent must have 
reduced the amount of spruce trees in these sites. 
The size and distribution of 04 sites, the vegetation 
indicative of a disturbance, the similarities to 05 and 01 
site series and the low density of spruce all provide 
indirect evidence that the 04 site series are the result of a 
disturbance occurring at some point in the history of the 
stand. It is possible that a disturbance agent other than I. 
tomentosus caused the change from an 05 or 01 site series; 
however, the localized nature of the 04 site series and the 
high incidence of root disease make it unlikely that another 
agent of mortality is responsible for disturbing the 
ecosystem. Substantial evidence exists to support the 
suggestion that I. tomentosus is a disturbance agent capable 
of keeping the infection center at an earlier seral stage, 
called a root disease climax (van der Kamp, 1991). Because 
few trees live to a great age due to mortality from root 
disease, the open-canopied forest allows the shrub and herb 
layer to remain at an earlier seral stage (van der Kamp, 
1991). It is suggested that the 04 site series in the SBSwk1 
variant may be the result of a root disease climax, and 
further study of this unique area is required. 
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APPLICATIONS 
The findings of this study can be used to identify 
stands within the SBSwkl variant that may have high levels of 
infection by I. tomentosus. Results of this study can be 
directly applied to Silviculture Prescriptions or timber 
supply analyses. Site series, soil moisture and soil nutrient 
regime values and their relationship with infection by_I. 
tomentosus become important ecosystem measures because 
foresters evaluate these variables during stand surveys. 
Sites with a high potential of root disease may require 
extensive surveys since substantial volume losses can be 
expected in the current and future rotations (Lewis, 
unpublished data; Lewis and Hansen, 1991b) . 
Potential volume losses to I. tomentosus can be 
quantified using a chart that designates which 
nutrient/moisture regime combinations are most likely to have 
high levels, moderate levels, low levels or no tomentosus 
root disease. This type of chart for our data is presented in 
Figure 16. It was constructed using data from the edatopic 
grid cell location (Figure 8) and from the site series data 
(Figure 5). The known incidence of infection by I. tomentosus 
is categorized by edatopic grid cells since the grid cell 
location of an area is usually determined during silviculture 
stand surveys. For edatopic grid cells that did not have 
plots represented in our study, site series data were used to 
estimate the level of infection. This chart is meant to be 
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used as a guideline for approximate incidence of I. 
tomentosus in the SBSwk1 variant only. The different shades 
on the chart representing different infection levels are not 
statistically significant (p<0 . 05), however, they demonstrate 
the levels of infection observed specifically in this study. 
Commercial and pre-commercial thinning practices could 
benefi t from the data presented in Figure 16. Although the 
effect has not been quantified yet, thinning a stand that is 
heavily infected with tomentosus root disease may result in 
greater infection rates. This phenomenon is known to occur 
with other root disease such as Armillaria ostoyae (Morrison 
et al., 1991) and Heterobasidion annosum (Froelich et al., 
1977). I . tomentosus can survive in stumps for over thirty 
years, (Lewis and Hansen, 1991b) providing inoculum for 
basidiospore production and root contact infection. After 
cutting trees that are infected with I. tomentosus, the 
inoculum present in the roots can increase due to lack of 
response from the host. This raises inoculum potential and 
resul t s in increased infection of residual trees . Figure 16 
identifies sites with potentially moderate and high levels of 
infection that could be used to determine where surveys would 
be necessary prior to thinning . Although large-scale studies 
in other subzones would be required for application into 
timber supply analyses, a series of similar figures for 
different subzones could be used to estimate area in each 
infection category. Combined with studies on volume losses 
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(Lewis, submitted; Merler, 1984), this information could be 
used for timber yield analyses . 
Ultimately, it would be ideal to develop an incidence of 
infection model and subsequent risk ratings for the incidence 
and severity of I. tomentosus. Such a model would have to 
incorporate as many ecological characteristics and 
relationships as possible. In plantation studies of the 
rubber tree, Hevea brasiliensis, mathematical models have 
been developed to determine probabilities of infection of an 
individual tree by root pathogens Rigidoporus lignosus (Kl.) 
Imaz. and Phellinus noxious (Corner) G.H. Cunn. (Chadoeuf et 
al., 1988). These models include variables such as apparent 
health of trees and proximity to other trees and distance to 
nearest known infected tree. This is an interesting model for 
the infection biology of soil-borne pathogens; however, it 
only includes spatial characteristics found within a 
homogenous plantation. Models for the incidence and spread of 
root rots in forests must include site and soil 
characteristics closely associated with the root rot . Before 
an incidence and severity model could be developed, extensive 
research would have to be completed in various subzones of 
the SBS zone, and combined with similar data from other zones 
in the boreal forest. 
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CONCLUSIONS AND FUTURE STUDIES 
Inonotus tomentosus is distributed unevenly throughout 
stands as a result of specific ecosystem characteristics that 
either contribute to, or hinder the infection and spread of 
the fungus. The site series of an area has various qualities 
that may restrict rooting depth, limit available soil oxygen, 
decrease the root contacts between susceptible tree species, 
or have other intrinsic variables that decrease or increase 
the potential infection and spread of tomentosus root 
disease. The result of the different factors, contributing at 
various degrees in each site series, is a significantly 
different infection level of I. tomentosus between some site 
series in the SBSwkl variant. A similar relationship is 
described for Phellinus weirii. Thies and Sturrock (1995} 
suggest that specific combinations of factors including 
temperature, soil moisture and soil pH influence the 
distribution of Phellinus weirii. 
Site series as a unit of measure has many practical 
applications; however, it gives little insight into the 
reasons why I. tomentosus is distributed unevenly in 
different ecosystems. The variables that determine site 
series are related to the distribution of tomentosus root 
disease, yet the specific biological effects on fungal 
infection and disease development that may be associated with 
these characteristics are unknown. To determine the reasons 
why I. tomentosus is distributed unevenly between ecosystems, 
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direct measures must be used such as rooting depth, actual 
available water and number of root contacts. 
Future studies should focus on other subzones 1n the 
Sub-Boreal Spruce zone as well as other biogeoclimatic zones 
in northern British Columbia. This study relates many 
ecosystem factors to the incidence and spread of I. 
tomentosus; however, the results are valid only in the SBSwkl 
variant. The most effective method to compare infection 
levels and ecosystem variables between different 
subzones/variants would be to focus on the zonal site series. 
The zonal site series are common, representative of a 
subzone/variant, and relatively easy to compare. Data from 
many different biogeoclimatic units could be combined to 
develop a general infection severity model of I. tomentosus 
throughout the SBS zone or for northern British Columbia's 
boreal forest in general if enough data could be collected 
from other biogeoclimatic zones. 
Future studies should also include a close examination 
of nutrient regimes and the various factors associated with 
the actual nutrient level such as biochemical properties of 
the A horizon, rooting depth of spruce in different nutrient 
regimes, organic matter content, parent material and water 
holding capacity. Although this study looked specifically at 
important characteristics measured during a Silviculture 
Prescription, these other variables may reveal better 
relati onships with incidence and severity of I. tomentosus. 
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The size of infection centers within each site series in 
the SBSwkl variant should be studied to examine how well I . 
tomentosus spreads in each ecosystem. The number o f trees 
infected by the same genotype, related to the various 
ecological characteristics associated with the infection 
center would produce valuable information. A better 
understanding of what edaphic factors are important for the 
spread of I . tomentosus would be available. 
The effect severe tomentosus root disease incidence has 
on the ecosystem is another area that should be examined 
closely. Any agent of biodiversity should be studied closely 
as it affects all species living in the forest . If I. 
tomentosus does alter the habitat within a stand, early seral 
stage plants have an opportunity to grow, mammals have new 
habitats to select from, and a multitude of microorganisms 
can benefit from the disturbed site. To examine the 04 site 
series in the SBSwkl variant, studies should focus on stand 
history and genetic tests of I . tomentosus present 1n these 
sites . Large areas known to have 04 site series present could 
be eco-mapped and have vegetative compatibility tests 
performed to determine the relationship between I. tomentosus 
compatibility groups and the distribution between the various 
site series. 
There are many components of an ecosystem that interact 
with each other in many possible ways. The amount of 
influence each variable has on the distribution of I . 
tomentosus is dependent on the other characteristics of the 
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ecosystem. The incredibly diverse ecosystems in boreal 
forests make it difficult to determine the effect of the 
limitless combination of variables on the incidence and 
spread of tomentosus root disease. However, this study 
demonstrates that certain relationships do exist between I. 
tomentosus and the ecosystem, and more studies are required 
to identify the precise nature of these relationships. 
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Appendix A. Sample of data collection sheet for field use. 
plot 
location 
texture 
date ____________ __ 
coarseness 
humus form 
slope position 
Vegetation 
Trees Sx total __________________ ___ 
STL w/ Torn. ______________ _ 
STD w/ Torn. ______________ _ 
DD w/ Torn. ______________ __ 
Balsam. __________________ __ 
Pl 
Other ____________________ _ 
shrubs 
herbs 
mosses 
SITE SERIES 
STL w/o ·Torn. __________ __ 
STD w/o Torn. 
DD w/o Torn. __________ __ 
DFir __________________ __ 
Birch. __________________ _ 
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Codes for Appendix A: 
SMR: soil moisture reg~me 
SNR: soil nutrient regime 
Sx: hybrid white spruce or black spruce 
STL: tree standing and alive 
STD: tree standing and dead 
DD: tree fallen 
w/tom: infected with I. tomentosus 
w/o tom: not infected with I. tomentosus 
balsam: sub-alpine fir 
Dfir: Douglas-fir 
Pl: Lodgepole pine 
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Appendix B. Selected data from each plot studied . 
s.s. coarse. SMR SNR Density % SLOPE HUMUS TEXTURE 
SPRUCE 
1 5 4 2 27 67.5 LOWER SL 
1 2 4 4 21 72.414 rv10DER SICL 
1 2 4 3 16 45.714 SICL 
1 2 4 3 26 68.421 LEVEL a... 
1 3 4 3 9 56.25 L 
1 5 4 2 20 54.05 MIDDLE LS 
1 2 4 4 13 65 rv10DER SIL 
1 2 5 3 17 60.71 SICL 
1 2 5 3 19 82.61 SICL 
1 2 5 3 18 64.29 SICL 
1 2 4 4 13 35.14 MIDDLE rv10DER a... 
1 3 4 3 16 38.1 MIDDLE rv10DER L 
1 3 5 3 12 32.43 LOWER L 
1 2 4 3 15 37.5 MIDDLE a... 
1 2 4 4 12 29.27 MIDDLE rv10DER a... 
1 2 4 3 13 33.33 MIDDLE a... 
1 2 4 3 16 44.44 MIDDLE SICL 
1 2 4 4 11 31.43 MIDDLE MULL SICL 
1 5 4 3 13 7.692 LOWER rv10DER LS 
1 3 4 4 18 81.82 MIDDLE rv10DER L 
1 2 5 4 11 30.56 LOWER rv10DER a... 
1 2 4 3 17 70.83 MIDDLE SICL 
1 2 3 3 11 39.29 MIDDLE SICL 
1 2 4 4 10 24.39 MIDDLE rv10DER SICL 
1 2 4 4 12 38.71 MIDDLE rv10DER SICL 
1 3 4 3 11 50 MIDDLE rv10DER L 
1 2 4 3 12 40 MIDDLE a... 
1 2 4 4 20 80 MIDDLE rv10DER SICL 
1 4 4 3 12 63.16 MIDDLE rv10DER SL 
1 4 4 3 15 55.56 MIDDLE rv10DER SL 
1 4 4 3 10 71.43 MIDDLE rv10DER SL 
1 5 5 3 20 64.52 LEVEL rv10DER LS 
1 2 4 4 14 66.67 MIDDLE rv10DER SCL 
1 4 3 3 21 91.3 MIDDLE rv10DER SL 
1 3 5 3 18 81.82 LOWER rv10DER L 
3 3 3 2 9 33.33 MIDDLE L 
3 5 2 1 14 43.75 MIDDLE LS 
3 5 2 1 17 70.83 UPPER LS 
3 5 2 1 9 37.5 UPPER LS 
3 5 2 1 14 38.89 MIDDLE LS 
3 2 3 2 17 48.57 MIDDLE rv10DER SICL 
3 4 2 2 11 64.71 MIDDLE rv10DER LS 
3 2 3 2 14 43.75 MIDDLE SICL 
3 3 3 2 13 33.33 UPPER L 
3 3 2 3 13 35.14 UPPER rv10DER L 
% 
infected 
0 
29 
25 
12 
11 
5 
0 
35 
63 
22 
8 
13 
50 
13 
0 
0 
0 
0 
15 
0 
9 
0 
0 
0 
17 
18 
17 
0 
0 
73 
0 
65 
0 
0 
6 
22 
0 
0 
0 
0 
0 
18 
43 
8 
0 
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pH 
3.29 
4.35 
4.59 
4 .05 
3.73 
3.71 
3.66 
3.91 
3.15 
5.25 
3.68 
4.22 
4.23 
3 .3 
4 .6 
3.31 
3.43 
3.54 
4.54 
3.58 
3.6 
3.45 
3.32 
4.03 
4.48 
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3 5 2 1 10 50 MIDDLE LS 40 
3 5 2 1 13 46.43 MIDDLE LS 0 
3 5 2 1 17 58.62 MIDDLE LS 12 
3 4 2 2 10 37.04 UPPER SL 10 
3 5 2 1 9 39.13 MIDDLE LS 0 
3 3 1 3 18 60 UPPER L 17 
3 1 2 2 16 66.67 UPPER MODER SIL 13 
3 3 2 3 15 62.5 UPPER MODER L 0 
3 3 3 3 13 52 UPPER MODER L 0 
3 5 2 2 14 56 UPPER MODER LS 14 
3 5 2 1 6 20 MIDDLE LS 0 
3 5 3 1 6 27.27 MIDDLE LS 0 
3 3 3 2 7 33.33 MIDDLE L 0 
3 4 3 2 9 32.14 MIDDLE SL 0 
3 4 2 3 13 44.83 MIDDLE MODER SL 0 
3 5 2 1 9 30 MIDDLE LS 0 
3 5 2 1 12 36.36 MIDDLE LS 0 
3 5 2 1 8 24.24 MIDDLE LS 0 
3 5 2 1 7 22.58 LEVEL LS 0 
3 5 2 2 11 45.83 LEVEL LS 36 
3 5 2 1 16 53.33 MIDDLE LS 13 
3 5 2 1 14 48.28 LEVEL LS 7 
3 5 2 1 7 17.95 LEVEL LS 0 
3 5 2 1 10 43.48 LEVEL LS 0 
3 5 3 1 6 28.57 LEVEL LS 0 
4 2 3 3 8 30.77 MIDDLE 75 
4 4 3 3 9 29.03 MIDDLE MODER SL 0 4.07 
4 5 2 2 23 47.92 UPPER MODER LS 4 4.31 
4 5 2 3 16 40 MIDDLE MODER LS 38 3.57 
4 5 2 2 8 26.67 MIDDLE s 25 4.02 
4 5 2 2 13 37.14 UPPER LS 38 4.43 
4 5 3 2 11 44 MIDDLE LS 36 3.79 
4 5 3 2 14 58.33 MIDDLE LS 7 
4 4 3 4 9 50 MIDDLE MODER SL 0 
4 5 3 3 11 50 MIDDLE MODER LS 45 4.94 
4 5 3 2 8 38.1 MIDDLE s 50 4.12 
4 5 2 2 10 38.46 UPPER LS 70 5.19 
4 5 2 2 7 35 MIDDLE LS 29 3.99 
4 3 3 2 8 36.36 UPPER L 13 
4 2 3 3 6 37.5 MIDDLE MODER a... 17 
4 1 3 4 7 38.89 MIDDLE MODER SIC 29 
4 2 3 2 9 45 MIDDLE MODER a... 33 
4 4 3 2 6 35.29 MIDDLE SL 50 
4 2 3 3 8 36.36 MIDDLE a... 50 
4 2 3 3 9 40.91 MIDDLE MODER a... 11 
5 2 4 3 11 36.67 MIDDLE a... 0 3.19 
5 2 4 4 12 30 MIDDLE MODER a... 25 3.89 
5 2 3 3 15 37.5 UPPER MODER a... 20 3.81 
5 2 4 3 21 50 MIDDLE a... 43 4.25 
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5 2 4 3 18 41.86 MIDDLE SICL 61 
5 2 3 3 16 39.02 MIDDLE SICL 0 3.4 
5 2 4 3 15 41.67 MIDDLE CL 0 3.57 
5 5 4 2 23 52.27 LOWER LS 26 3.66 
5 5 4 2 13 40.63 LOWER LS 0 3.86 
5 5 4 2 10 43.48 LOWER LS 0 
5 5 4 2 18 66.67 LOWER LS 6 
5 3 3 3 12 44.44 UPPER L 0 
5 5 3 2 22 88 MIDDLE LS 0 
5 3 4 2 15 65.22 MIDDLE L· 33 
5 3 5 3 9 34.62 LOWER L 22 
5 2 4 3 7 22.58 MIDDLE SICL 86 
5 2 4 3 11 34.38 MIDDLE SICL 0 
5 2 4 3 20 44.44 MIDDLE SICL 25 
5 4 4 2 11 45.83 MIDDLE SL 55 
5 2 3 4 14 38.89 UPPER MODER SICL 14 
5 2 3 3 12 44.44 UPPER SICL 33 
5 2 3 4 9 33.33 UPPER MODER SICL 0 
5 2 4 3 16 55.17 MIDDLE CL 6 
5 4 4 3 12 57.14 MIDDLE SL 33 
5 5 3 3 15 71.43 MIDDLE MODER LS 0 
5 5 3 2 12 52.17 MIDDLE LS 17 
5 4 3 3 20 80 UPPER SL 0 
5 2 4 4 11 39.29 MIDDLE MODER SICL 27 
5 4 4 3 11 57.89 MIDDLE MODER SL 0 
5 4 3 2 13 68.42 MIDDLE SL 8 
5 5 3 2 16 76.19 MIDDLE MODER LS 0 
5 5 4 3 17 85 LOWER MODER LS 0 
5 2 3 3 21 80.77 MIDDLE CL 0 
5 4 3 3 9 56.25 MIDDLE SL 22 
5 4 4 3 24 66.67 MIDDLE MODER SL 0 
6 3 5 3 8 50 MIDDLE MODER L 0 
6 27 56.25 0 
6 2 5 3 11 29.73 LOWER SICL 0 6 .64 
6 3 5 3 8 38.1 LOWER MODER SIL 0 
6 3 6 3 8 66.67 LOWER MODER SIL 13 
6 2 5 3 13 59.09 LOWER MODER SICL 0 
6 5 5 2 8 53.33 LONER MODER LS 0 
6 2 5 3 12 46.15 LONER SICL 8 
6 3 5 3 9 34.62 LEVEL MODER SIL 0 
6 2 5 3 18 54.55 LEVEL SICL 0 
6 3 5 3 10 29.41 LONER SIL 0 
6 3 5 3 17 54.84 LEVEL MODER SIL 0 
6 3 5 3 15 62.5 LEVEL SIL 0 
6 3 5 3 10 52.63 LEVEL MODER L 0 
6 3 5 3 12 41.38 LOWER MODER L 0 
6 3 5 3 10 35.71 LEVEL MODER L 0 
6 5 5 3 8 100 LEVEL LS 0 
6 2 5 3 7 53.85 LOWER SICL 0 
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6 2 5 3 8 57.14 LOWER fv10DER SICL 0 
6 2 5 3 7 46.67 MIDDLE fv10DER SICL 0 
7 2 5 4 10 27.03 LOWER fv10DER SICL 30 3.9 
7 3 18 58.06 SL 0 3.73 
7 2 33 82.5 SICL 0 3.78 
7 2 30 75 SICL 20 3.96 
7 2 13 68.42 SICL 31 3.76 
7 5 4 10 58.82 MULL 0 
7 2 4 4 11 32.35 MIDDLE fv10DER a_ 0 4.31 
7 5 5 3 9 27.27 LOWER fv10DER LS 0 3.25 
7 2 5 3 8 27.59 LOWER M)R SICL 0 
7 5 4 3 14 34.15 LOWER fv10DER L 7 
7 2 6 3 15 44.12 LOWER fv10DER SICL 0 3.26 
7 3 5 3 13 36.11 MIDDLE fv10DER L 0 3.7 
7 2 4 4 8 33.33 MIDDLE fv10DER a_ 13 4.27 
7 2 4 3 12 66.67 MIDDLE M)R SICL 0 
7 5 5 3 9 40.91 LOWER fv10DER s 11 
7 2 5 3 12 35.29 LOWER M)R SICL 25 
7 2 5 3 12 42.86 LOWER M)R SICL 25 
7 2 5 3 8 38.1 MIDDLE M)R SICL 0 
7 4 5 3 11 57.89 LOWER fv10DER LS 36 
7 3 5 3 17 94.44 LOWER fv10DER L 0 
7 5 5 3 13 76.47 LOWER fv10DER LS 0 
7 4 5 4 18 78.26 LOWER fv10DER LS 11 
7 2 5 4 10 50 LEVEL fv10DER SICL 0 
7 4 5 4 16 88.89 LOWER fv10DER SL 38 
7 2 5 4 23 95.83 LOWER fv10DER SICL 0 
7 4 5 4 16 76.19 LEVEL fv10DER SL 25 
7 2 5 4 18 81.82 LOWER fv10DER SICL 28 
7 2 5 4 6 50 LOWER fv10DER a_ 0 
7 5 5 3 23 92 LEVEL fv10DER LS 0 
7 5 5 3 15 88.24 LEVEL fv10DER s 20 
7 4 5 3 28 87.5 LOWER fv10DER SL 18 
7 2 5 4 10 90.91 LOWER fv10DER SICL 0 
7 5 5 3 14 93.33 LEVEL fv10DER LS 0 
7 4 5 3 23 95.83 LOWER M)R SL 4 
7 4 5 3 19 86.36 LOWER M)R SL 16 
8 4 5 4 11 34.38 LOWER fv10DER SL 9 
8 2 5 4 11 31.43 LOWER fv10DER SICL 0 3.43 
8 4 5 4 11 37.93 LOWER fv10DER SL 18 
8 5 5 4 11 36.67 LOWER fv10DER LS 0 3.19 
8 2 5 4 17 42.5 LOWER fv10DER SICL 6 
8 2 5 4 17 39.53 LOWER fv10DER SICL 0 3.44 
8 2 5 4 14 34.15 LOWER fv10DER SICL 7 
8 3 5 4 18 48.65 MIDDLE fv10DER L 11 
8 3 5 4 9 28.13 LOWER fv10DER L 0 3.69 
8 2 5 4 7 23.33 LOWER fv10DER SICL 57 
8 2 5 4 19 43.18 LOWER fv10DER SCL 42 3.8 
8 5 5 4 12 40 LOWER fv10DER LS 42 
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8 2 4 4 9 23.68 MIDDLE MODER a.. 33 . 3.78 
8 2 5 4 26 60.47 LOWER MODER SICL 8 
8 4 5 4 13 44.83 LOWER MODER SL 0 4.71 
8 4 5 4 13 33.33 LOWER MODER SL 0 3.76 
8 4 5 3 12 34.29 LOWER rvrn SL 42 
8 2 5 4 15 46.88 LOWER MODER SICL 47 
8 4 6 3 15 44.12 LOWER MODER SL 13 3.52 
8 2 5 4 15 46.88 LOWER MODER SICL 13 
8 4 5 4 13 48.15 LOWER MODER SL 15 
8 4 5 4 8 27.59 LOWER MODER SL 50 
8 5 5 3 18 52.94 LOWER MODER SL 11 
8 2 5 4 14 35 LOWER MODER SICL 0 3.65 
8 3 5 4 7 29.17 LOWER MODER L 71 
8 3 13 39.39 SIL 46 
8 2 24 72.73 MIDDLE SICL 67 
8 2 31 67.391 a.. 26 
8 4 11 64.705 SL 18 
8 2 15 65.217 SICL 7 
8 2 5 4 12 42.86 LEVEL MODER SICL 8 
8 2 5 4 13 40.63 LOWER MODER SICL 8 
8 2 5 4 14 36.84 LOWER MODER SICL 0 
8 2 5 4 11 44 LOWER MODER a.. 0 
8 2 5 4 8 25 LOWER MODER a.. 25 
9 2 6 4 16 45.71 LEVEL MULL SICL 0 
9 2 6 4 11 42.31 LOWER MULL SICL 0 2.81 
9 2 6 4 15 41.67 LEVEL MODER SICL 7 
9 3 6 4 21 46.67 LEVEL MODER SIL 0 3.76 
9 3 6 4 18 52.94 LEVEL MODER SIL 0 3.45 
9 5 6 3 18 51.43 LS 6 3.71 
9 3 6 3 10 34.48 LEVEL MODER L 0 
9 4 6 3 12 50 LEVEL MODER SL 17 
9 3 6 3 35 89.74 LEVEL MODER SIL 0 
9 2 6 2 25 89.29 LEVEL MODER SICL 0 
9 2 6 4 8 26.67 LEVEL MODER SICL 0 
9 3 6 3 12 44.44 DEPR. MODER L 0 
9 3 6 2 9 39.13 LEVEL rvrn SIL 0 
9 3 6 4 19 76 LEVEL MODER SIL 0 
9 6 4 12 92.307 DEPR. MULL 0 
9 2 6 4 12 70.59 LOWER MODER SICL 0 
9 2 6 4 7 24.14 LEVEL MODER SICL 0 
9 2 6 4 8 50 LOWER MODER SICL 0 
9 2 6 4 6 66.67 LOWER MODER SICL 0 
9 2 6 4 11 57.89 LEVEL MODER SICL 0 
9 4 6 4 6 33.33 LEVEL MODER SL 0 
10 3 6 4 8 50 LOWER MULL L 0 
10 3 5 4 9 60 LOWER MODER L 0 
10 2 5 4 12 66.67 LOWER MODER a.. 0 
10 4 6 4 10 43.48 LOWER MODER SL 0 
10 1 9 50 SIC 0 3.66 
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10 2 15 68.181 SICL 0 
10 3 6 5 8 30.77 LOWER MULL L 25 3.9 
10 2 6 4 21 60 LEVEL MULL CL 0 
10 3 5 5 9 25 LOWER MULL SiL 0 
10 3 5 5 9 33.33 LOWER MULL L 0 
10 3 5 4 7 53.85 LOWER fv10DER L 0 
10 2 6 4 11 34.38 LOWER fv10DER SICL 9 
10 2 6 4 11 52.38 LOWER fv10DER SICL 0 
10 2 6 5 12 54.55 LOWER MULL CL 0 
10 2 6 4 11 35.48 LOWER fv10DER SICL 0 
10 3 6 4 9 36 LEVEL fv10DER L 0 
10 2 6 4 15 53.57 LEVEL fv10DER SICL 0 
10 2 6 4 13 43.33 LOWER fv10DER SICL 0 
10 2 6 4 7 36.84 LOWER fv10DER SICL 0 
10 2 6 4 6 18.75 LEVEL fv10DER SICL 0 
11 7 3 28 49.12 DEPR. 0 0 
11 7 3 13 50 DEPR. 0 0 
11 7 3 27 40.91 DEPR. 0 0 
11 7 3 29 42.65 DEPR. 0 0 
11 7 3 22 50 DEPR. 0 0 
11 7 3 21 42.86 DEPR. 0 0 
11 7 3 16 45.71 DEPR. 0 0 
11 7 3 17 48.57 DEPR. 0 0 
11 7 3 7 50 DEPR. 0 0 
11 7 3 8 47.06 DEPR. 0 0 
11 7 3 12 50 DEPR. 0 0 
11 7 3 25 49.02 DEPR. 0 0 
11 7 3 20 50 DEPR. 0 0 
11 7 3 21 50 DEPR. 0 0 
11 7 3 34 50 DEPR. 0 0 
11 7 3 39 47.56 DEPR. 0 0 
11 7 3 . 24 50 DEPR. 0 0 
11 7 3 28 50 DEPR. 0 0 
11 7 3 10 50 DEPR. 0 0 
11 7 3 13 50 DEPR. 0 0 
12 3 3 2 8 17.78 LEVEL MJR L 0 
12 3 3 2 15 38.46 LEVEL IVOR L 0 
12 5 3 1 12 22.22 LEVEL IVOR LS 0 
12 4 4 2 8 18.18 LEVEL IVOR SL 0 
12 4 3 2 8 17.78 LEVEL IVOR SL 0 
12 5 4 2 13 68.42 LEVEL MJR LS 0 
12 5 4 2 11 57.89 LEVEL IVOR LS 0 
12 5 5 2 11 55 LEVEL IVOR LS 0 
12 5 5 2 13 52 LEVEL IVOR LS 0 
12 5 5 1 12 54.55 LEVEL IVOR LS 25 
12 5 5 1 10 37.04 LEVEL IVOR LS 0 
12 4 5 2 10 43.48 LEVEL IVOR SL 0 
12 3 5 2 8 33.33 LEVEL IVOR SIL 0 
12 3 5 2 21 48.84 LEVEL IVOR L 0 
112 . 
12 5 5 2 6 21.43 LEVEL ~ SL 0 
12 5 5 2 19 61.29 LEVEL ~ LS 0 
12 5 5 2 10 58.82 LEVEL ~ LS 10 
12 5 5 2 16 69.57 LEVEL ~ LS 0 
12 3 5 2 19 59.38 LEVEL ~ SIL 0 
12 5 5 1 7 28 LEVEL ~ LS 0 
